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The  contract  terminated  by  tto  issuance  of  this  report  has  helped  to  support 
tiro  projects  concerned  with  the  structure  of  organosiloxanes  (silicones)  and  the 
related  organogeraanium  compounds.  Progress  on  the  organogermanium  problem  has 
been  reported  in  the  previous  annual  report,  and  later  in  three  articles  ( J.  Am. 
Chem.  Soc.,  7U»  1*363  (1952),  J.  Organic  Chem.  18,  303  (1953)»  and  Naturwissenschaften 
h 0,  lh2  (1953). 

Results  on  the  other  project,  the  investigation  of  the  structure  of  silicones 
by  studying  molecular  motion  in  representative  organosilicon  compounds,  have  not 
been  published  nor  given  in  detail  in  the  earlier  reports.  A complete  account  of 
the  purposes,  the  plan  of  attack,  the  results,  and  the  various  conclusions  is  best 
obtained  from  the  thesis  presented  to  the  faculty  of  the  Graduate  School  of  Arts 
and  Sciences  by  Hugh  G.  LeClair.  For  this  reason,  the  principal  portions  of  this 
thesis  are  incorporated  in  this  report,  and  a summary  will  be  found  on  pages  137  to 
ll*0. 

During  part  of  the  past  year  Dr.  James  C.  Sternberg  was  associated  with  this 
project,  and  contributed  much  to  the  analysis  of  line  shapes  and  widths.  He  left 
the  project  on  August  1 to  join  the  staff  of  instruction  at  Michigan  State  University 
at  Lansing. 

Dr.  Hugh  G.  LeClair,  who  built  the  apparatus  described  herein  and  obtained  most 
of  the  experimental  data,  left  the  project  on  September  1 to  take  a position  with 
the  Du  Pont  Company  at  Buffalo,  New  York. 
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MGLSCULAB  M0TI0H  ZH  OHOANOSILOXAJB  C0MPCOTD8 

The  question  of  molecular  motion  in  the  solid  state  of 
organosilicon  compounds  has  been  investigated  by  means  of  the  tech- 
nique of  nuclear  magnetic  resonance  absorption.  The  theory  of  the 
line  shape  and  second  moment  to  be  expected  for  a triangular  con- 
figuration  of  nuclei  has  been  extended  to  include  severe  types  of 
molecular  rotation  or  tunneling. 

A radiofrequency  spectrometer  and  permanent  magnet  have  been 
constructed  for  use  in  this  research.  The  operation  of  the  spec- 
trometer is  described  and  its  applicability  to  other  types  of  problems 
has  been  discussed.  It  is  found  that  the  fixed  magnetic  field  and 
variable  'frequency  technique  used  in  this  investigation  has  the 
advantages  of  simplicity  of  operation,  automatic  recording  of  data, 
and  avoidance  of  the  problems  associated  with  field  regulation  of 
electromagnets.  The  additions  to  the  existing  equipment  which  would 
be  required  for  other  types  of  investigations  are  mentioned,  and  the 
need  for  an  oscillator  circuit  which  can  operate  stably  at  very  low 
levels  is  pointed  out  in  connection  with  the  possible  investigation 
of  pure  organic  compounds  at  low  temperatures. 

The  results  of  the  investigations  of  organosilieon  compounds 
are  as  follows « 

(l)  The  methylchlorosilanes  exhibit  rotation  or  tunneling  of  t;*e 
methyl  groups  about  the  C-Si  bond  at  77°K.  Both  the  line  shapes 
and  the  second  moments  indicate  there  is  also  some  low-frequency 
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motion  of  the  molecule  as  a whole.  The  latter  effect  le  attributed  to 
the  near- epher leal  symmetry  of  these  molecules. 

(2)  Kethoxytrichlorosilane  exhibits  rotation  or  tunneling  of  the 
methyl  group  about  the  C-0  bond,  but  there  is  little  or  no  motion  of 
the  molecule  as  a whole  at.77°X. 

(3)  Hexamethyldlsiloxane  exhibits  the  usual  rotation  or  tunneling 
of  the  methyl  groups.  The  low  second  moment  indica4'.*  ^ there  is 
an  additional  motion  of  the  molecule  which  may  be  low-frequency 
rotation  as  in  the  methylchlorosilanes. 

(4)  The  cyclic  siloxanes  exhibit  rotation  of  the  methyl  groups  at 
77°X.  The  cyclic  trimer  and  tetramer  also  show  an  anomalous  abrupt 
increase  in  the  line  width  and  second  moment  at  higher  temperatures . 
The  cause  of  this  unusual  behavior  is  tentatively  suggested  to  be  due 
to  rotational  oscillation  of  the  methyl  groups  of  the  type  postulated 
by  the  Hoth-Harker  theory. 

(5)  Silicone  rubber  shows  the  usual  rotation  of  the  methyl  groups 
at  77°X.  The  line  width  decreases  abruptly  at  l64°X  to  about  one- 
half  the  low  temperature  value,  and  decreases  more  gradually  until 

it  is  essentially  a liquid-like  line  at  210°X.  The  decrease  in  line 
width  indicates  that  above  l64°X  the  motion  of  the  protons  becomes 
quite  rapid  and  random.  The  existence  of  such  motion  can  be  con- 
sidered as  evidence  in  favor  of  the  loth-Harker  theory,  but  does  not 
rule  out  the  existence  of  coiling  and  uncoiling  of  the  polymer  chains. 

Zt  is  indicated  that  there  is  reason  for  considerable  further 
study  of  the  question  of  molecular  motion  in  the  organo siloxanes. 
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I.  INTRODUCTION 


‘ i ' tatement  of  the  Problem. 

uLarity  of  the  silicones  in  both  industrial  and  consumer  applica- 
tions n • >■  - cribed  to  their  physical  properties,  which  are  unique  in  many 
rh3:;e:tf  Tr.«;  e properties  must  have  their  explanation  in  terms  of  their  under - 
1 y..:v  t- . b :.\r-  structure;  therefore  the  elucidation  of  the  molecular  structure 
ta;  -1*  n to  the  physical  properties  has  become  a subject  of  considerable 

pr'ict : s . ".s  v >11  as  theoretical  importance.  The  purpose  of  this  research  has 
been  a ; ; 1:*  .he  method  of  nuclear  magnetic  resonance  absorption  to  the  study 
■)?  se  -u~  ) iloxane  compounds,  single  molecules  and  polymers;  and  spec  if  i- 

y ' -a.«-  I gate  the  nature  of  their  internal  motion,  if  any. 

• I;r  of  the  Silicones  - facts  and  Theories.  (Rl) 

T.ar  - 1 nos  iloxane  polymers  (silicones)  consist  of  silicon  and  oxygen 
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The  most  common  substituents  in  the  commercial  polymers  are  methyl  groups, 
although  ethyl  and  phenyl  groups  are  also  used  in  some  applications., 

A consideration  of  the  structural  formulas  makes  certain  properties 
of  the  silicones,  such  as  their  heat  resistance,  seem  logical,  especially  when 
we  recall  the  great  strength  of  the  silicon-oxygen  bond.  However,  many  other 
properties  are  not  so  readily  explained;  properties  such  as  the  abnormally  low 
boiling  points,  high  molar  volumes,  small  temperature  coefficients  of  viscosity, 
high  compressibility,  and  the  inherently  low  tensile  strength  of  silicone  rubber 
for  a given  molecular  weight.  These  properties,  when  considered  as  a group,  lead 
to  one  definite  conclusion:  that  the  intermolecular  attraction  of  the  silicone 
polymers  is  unusually  low.  Two  hypotheses  have  been  advanced  to  explain  this 
behavior. 

Roth  and  Harker,  on  the  basis  of  their  x-ray  diffraction  studies  on 
octamethylspiropentaBiloxane  (formula  4,  Figure  1),  postulate  that  the  Si-O-Si 
bond  angle  is  easily  deformed,  thus  allowing  the  methyl  groups  to  undergo  consider- 
able motion.  In  the  long  chain  polymers,  this  would  allow  considerable  rotation 
about  the  Si-0  bonds.  The  methyl  groups  would  then  occupy  an  effective  volume 
much  larger  than  their  actual  volume,  their  rapid  motion  preventing  the  close 
approach  of  neighboring  molecules,  and  thereby  decreasing  the  intermolecular 
attraction  The  easy  deformation  of  the  Si-O-Si  bond  angle  is  attributed  to 
the  high  ionic  character  of  the  Si-0  bond  (51$  by  electronegativity  values  or 
the  infrared  spectra  (HI,  p.  113-4))  which  would  result  in  a decrease  in  the 
directional  character  of  the  bond.  Since  this  hypothesis  considers  the  presence 
of  8iloxane  linkages  to  be  the  fundamental  cause  of  the  low  intermolecular 
attraction,  it  is  significant  that  replacement  of  the  oxygen  atoms  by  -CH2- 
groups  changes  the  properties  of  the  resulting  substances  (silmethylenes)  towards 
those  expected  for  pure  organic  compounds  (Bl,  Si). 
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The  theory  advanced  by  Pauling  (PI)  is  that  the  silicone  chains  are  able 
to  coil  and  uncoil  as  the  temperature  decreases  or  increases . At  low  tempera- 
tures, the  molecules  are  tightly  coiled  into  spheres,  and  there  is  little  inter- 
ference to  flow.  As  the  temperature  is  increased  the  chains  begdn  to  uncoil  and 
snarl,  and  the  resultant  interference  to  flow  will  at  least  partially  compensate 
for  the  effect  of  increased  thermal  agitation* 

Fox,  Taylor,  and  Zisman  (Fl)  have  used  this  hypothesis  to  explain  the 
results  of  their  studies  of  thin  silicone  films  on  water.  They  conclude  that 
the  chains  are  able  to  coil  and  uncoil  reversibly  with  changes  in  temperature, 
and  that  the  coils  will  contain  six  to  seven  - (CH^J^SiO  - units  per  turn. 

This  agrees  with  the  unit  of  flow  deduced  from  viscosity  measurements  (Rl,  p.111-2). 
They  conclude  that  the  compactness  of  the  coils  will  be  limited  by  steric  hindrance, 
so  that  the  methyl  silicones  will  have  the  mbst  compact  chains.  Their  explanation 
of  the  ease  with  which  the  silicone'1  chains  coil  is  also  on  steric  grounds.  They 
feel  that  the  larger  size  of  the  Si  atom  compared  to  carbon  facilitates  the  coil- 
ing process . 

Both  these  theories  have  been  subjected  to  some  criticism.  Pauling  has 
pointed  out  that  there  is  reason  to  doubt  Roth  and  Marker's  interpretation  of 
their  x-ray  diffraction  studies  mentioned  above.  He  states  (P2): 

"Roth  and  Harker  carried  out  their  calculations  with  use  for  the  methyl 
group  of  the  x-ray  scattering  factor  for  the  fluorine  atom... It  has  been  found 
that  the  scattering  factor  for  the  carbon  atom,  as  given  by  theoretical  calcula- 
tions, serves  well  for  the  carbon  atom  in  the  methyl  group,  except  that  a small 
correction  is  needed  at  very  small  diffraction  angles.  The  scattering  factor  fcr 
the  fluorine  atom  is  between  1.5  and  2 times  as  great  as  that  for  the  carbon  atom, 
and  it  is  accordingly  not  surprising  that  Roth  and  Harker  were  unable  to  get  satis- 
factory agreement  between  observed  and  calculated  intensities  without  making  some 
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additional  corraetion.  The  correction  that  they  introduced  vaa  that  of  using 
a temperature  factor  corresponding  to  an  abnormally  great  libration  of  a methyl 
group.  This  temperature  factor  cuts  down  the  scattering  factor  for  fluorine  to 
approximately  the  correct  value  for  the  carbon  atom.  In  other  words,  the  elec- 
tron distribution  for  a fluorine  atom  with  a large  temperature  coefficient  is 
just  about  correct  for  a methyl  group  with  a normal  temperature  coefficient 

"The  foregoing  statements  would  not,  or  course,  be  justified  if  Roth 
and  Harker  had  been  required  to  assign  an  abnormal  motion  to  the  methyl  group 
only  in  the  transverse  directions,  with  a normal  temperature  coefficient  in  the 
directions  along  the  bonds.  However,  they  themselves  state  (R3)  'Within  the 
limits  of  the  available  data,  the  correction  could  probably  be  represented  as 
a specific  temperature  factor  applied  to  the  CH^  groups,  that  is,  exp 
(sin  6//k  )2),  but  this  would  seem  incorrect  since  it  implies  abnormally  large 
amplitudes  for  silicone  methyl  stretching  vibrations.'  Thus  an  isotropic 
temperature  coefficient  correction  for  the  fluorine  scattering  factors  would, 
according  to  Roth  and  Harker,  agree  with  their  data.  This  isotropic  tempera- 
ture correction  multiplied  into  the  fluorine  scattering  factor  gives,  however, 
just  the  correct  scattering  factor  for  the  methyl  group. ..... .Roth  and  Harker 

have  not  presented  evidence  to  show  that  there  is  an  abnormally  great  librational 
motion  of  the  methyl  groups  relative  to  the  siloxane  nucleus  in  the  pentasiloxane 
molecule " 

When  considering  the  Pauling  hypothesis,  it  should  first  be  pointed  out 
that  the  viscosities  of  the  silicone  oils  vary  not  only  with  temperature  but 
also  with  the  length  of  the  chain  (Rl,  p.86).  The  Pauling  hypothesis  would 
require  that  the  temperature  coefficient  for  the  uncoiling  process  be  of  the 
precise  value  necessary  to  reduce  the  effect  of  thermal  agitation  to  that  re- 
quired by  the  experimental  data.  This  would  mean  that  this  temperature  coeffi- 
cient would  also  have  to  very  in  a regular  fashion  with  the  length  of  the  chain. 
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Such  a situation  would  be  highly  coincidental.  Furthermore,  hie  hypothesis 
apparently  does  not  offer  a satisfactory  explanation  for  the  high  molar  volume. 
Fauling  states  (P2):  :’The  low  interaolecuiar  attraction  is,  I think,  not  due 

to  an  abnormally  large  distance  between  the  surface  groups  of  the  molecules. 

If  molecules  are  coiled  into  a globular  shape,  there  will  result  a lower  inter- 
molecular  attraction  than  if  they  have  an  extended  shape."  However,  the  reported 
values  for  the  molar  volumes  seem  high  (Rl,  p.110-1)  and  are  nearly  the  same  for 
both  the  linear  polymers  and  for  the  cyclic  compounds  for  which  no  coiling  pro- 
cess is  apparent. 

The  explanation  of  the  properties  of  the  silicones  in  terms  of  their 
structure  is  thus  still  in  some  doubt,  and  it  is  felt  that  the  situation  can 
be  at  least  partially  clarified  by  the  method  about  to  be  described. 

C.  The  Application  of  Nuclear  Magnetic  Resonance  Absorption. 

The  theory  of  this  technique  will  be  described  in  considerable  detail  in 
the  next  section.  Inasmuch  as  the  method  is  relatively  new,  the  discussion  given 
there  has  been  written  on  the  assumption  that  the  material  covered  is  totally 
unfamiliar  to  the  reader,  and  has  been  made  as  nearly  self-contained  as  possible. 
The  remainder  of  this  section  will  give  only  a very  brief  outline  of  the  nature 
of  the  phenomenon. 

Nuclei  which  possess  a magnetic  moment  will,  when  placed  in  a magnetic 
field,  go  into  one  of  several  possible  energy  levels  whose  separation  depends 
on  the  magnitude  of  the  field  and  of  the  magnetic  moment  of  the  nucleus.  Accord- 
ing to  the  Bohr  postulate  there  will  be  a certain  frequency  associated  with  the 
energy  difference  between  these  levels,  and  an  oscillating  field  of  this  frequency 
irradiating  these  nuclei  will  cause  them  to  undergo  transitions  between  the  pos- 
sible energy  states.  In  this  process  energy  will  be  absorbed  from  the  lrradiat- 
ing  field,  rand  the  charact*”  of  the  absorption  curve  as  a function  of  frequency 
is  determined  by  the  atomic  configuration::  in  the  sample.  More  important  to  this 
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research  is  the  fact  that  the  charactar  of  the  abiorptlon  is  extremely  sensitive 
to  translational  or  rotational  notion  of  the  nuclei  in  the  staple . Rotation  or 
tunneling  at  frequencies  far  too  low  to  affect  the  specific  heat  of  the  material 
causes  pronounced  changes  in  the  width  and  shape  of  the  absorption  line. 

The  application  of  this  technique  to  the  problen  of  the  siliconeB  should 
be  apparent.  If  the  type  of  notion  postulated  by  Roth  and  Barker  actually  occurs, 
it  will  certainly  affect  the  nature  of  the  absorption  lines  obtained  from  silicone 
samples.  The  method  is  particularly  valuable  in  connection  with  these  materials 
because  the  protons  of  the  nethyl  groups  are  the  only  nuclei  (other  tnan  Si  , 
relative  abundance  U.7$)  which  have  nuclear  magnetic  moments  otner  than  zero. 
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11.  TKF  ?KSQK  OOP  YXXJtAB  MAOBTIC  BXSOUI^  ABSORPTION  AS 
A8  U APPLIES  TO  TUB  HfMTlfiAriOS 


A.  The  s—plc  Tlawpolnt. 

. The  nuclear  magnetic  dipole  In  S field  - classical  picture . (P  <} 

Let  us  c.-'fi3iier  the  nucleus  *•  « spherical,  charged  part  trie.  Class ica]  theory 
predicts  thet.  try  notion  of  the  electrleel  charge  will  g ire  rise  to  a magnetic 
f iel* ; therefor*  it  is  not  unreasonable  to  assume  that  any  magnetic  properties 
-■•hich  a nucleus  may  hare  are  due  to  circulation  of  the  nuciear  charges  within 
the  nucleus  ’taelf.  We  bow  poatulate  that  tha  nucleus  is  spinning  about  some 
given  axis,  it  will  than  hare  — pi**1  momentum,  which  we  will  designate  , 
the  magnitude  and  direction  of  thlo  vector  denoting  the  magnitude  of  the  angular 
momentum  and  the  direction  of  the  exit  about  which  tha  at  in  occurs.  This  spin 
and  the  circulation  of  the  Charge  of  the  perticle  Will  give  rise  to  a magnetic 
field,  if  M3iuni*  that  the  perticle  ie  e spherical  Bheii  with  its  mass  " 
and  charge  distributed  uniformly  over  the  surface  of  the  shell  this  field 
turns  out  to  be  identical  with  that  produced  by  a small,  bar  magnet  whose  magnetic 
moment  /Z  , is  given  by: 

(l-l)  /o  = -r'~  ~ c* velocity  of  light 

/ * - ■» 


It  is  not  surprising  that  tha  magmatic  moments  of  actual  nuclei  do  not 
agree  with  the  predictions  of  this  simple  picture.  However,  the  disagreement 
is  found  to  be  only  one  of  magnitude  and  possibly  tha  sign  of  the  constant  relat- 


ing /v  and 
(1-2)  ? : 


(1-3)  />.  = 

/ ' 


We 


my  therefore  rewrite  efuatioa  (l-l)  as: 

‘ - y*  (t)f 


: ' -t2  •ic"  ** 
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In  those  equations.  Q represents  the  electronic  or  proton  charge  in  e.s.u., 

/ -roton  mass  in  grams,  and  Q is  a constant,  sometimes  referred  to 

(1 

•.s  t:.e  ryr  r irr ~ t ..  ratio,  which  must  be  determined  empirically.  We  have  also 
iritr • ii;c!ear  magneton^/4,  , since  nuclear  magnetic  momenta  are  usually 

expressed  r;  .nits  of  this  quantity.  Despite  the  fact  that  equation  (1-2) 
utilizes  the  r>rot-n  mass  and  charge  it  is  valid  for  all  nuclei,  any  dependence 
of  the  magnetic  moment  on  the  mass  and  charge  of  other  nuclei  being  incorporated 
into  the  factor  . 

i:  this  nuclear  magnet  be  placeu  in  a magnetic  field  Hc  , the  field 
will  exert  a torque  on  the  magnet, 


( 1-4) 


/ 


h: 


This  torque  tends  to  pull  the  magnet  into  alignment  with  the  field.  However, 
the  f net  that  sue  nucleus  is  spinning  an  additional  interaction  which  causes 
the  following  result.  Newton's  lav  of  rotational  motion  states  that  the 

- — v 

rate  of  chance  of  angular  momentum 

of  a body,  , is  equal  to  the 

i*  T 

torque  applied.  The  angular  momentum 
of  the  nucleus  is  of  course  due  to  its 
spin.  Thus,  from  equations  (1-2)  and 

( 1-h): 

F. 


L 


Figure  2 
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d-5)  % ' t 

Iquation  (1-5)  is  that  of  a vector  J?,  of  constant  magnitude  preceasing  about 
an  axis  collinear  with  "V  , with  an  angular  velocity  --V  , given  by: 


d-6)  4 = - 

Zoc  is  known  as  the  Larmor  precession  frequency. 

The  potential  energy  of  this  nuclear  magnet  in  the  presence  of  the 
aagnetic  field  is  expressed,  except  for  an  additive  constant by: 


This  is  in  agreement  with  our  expectation  that  the  energy  of  the  nucleus  will 
be  at  a minimum  when  the  nuclear  magnet  ia  aligned  with  the  field  and  at  a 
minimum  when  the  nuclear  magnet  and  the  field  are  opposed.  We  have  also  learned 
frome  equation  (1-5)  that  the  torque  produced  by  the  field  on  a nuclear  magnet 

gives  rise  only  to  a precession  of  around  rlc  , without  any  change  in  the 

✓'  — * 

orientation  (expressed  by  ij  ) of  with  respect  to  . We  should  therefore 
expect  the  energy  of  the  nucleus  in  the  field  to  be  determined  by  the  orientation 
which  it  had  at  the  instant  the  field  was  applied;  in  other  words,  all  values 
of  U from-^  *7  to  r' - should  be  equally  probable. 

2.  The  restrictions  of  the  quantum  theory.  We  have  seen  that,  classically 
there  ie  a continuous  spectrum  of  energies  which  a nucleus  could  have  in  a 
aagnetic  field.  If  this  were  true,  there  could  be  no  resonance  absorption.  In 
this  and  the  following  section  we  shall  point  out  the  effect  of  quantum  theory 
on  the  results  of  the  previous  section,  deferring  the  more  detailed  quantum  treat- 
ment to  a later  section. 

According  to  quantum  theory,  the  angular  momentum  of  a particle  is 
restricted  to  certain  definite  values,  which  are  expressible  in  terms  of  the 


T 
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quantity  . Furthermore,  the  projection  of  on  a specified  exis  is  also 
quantized.  We  v ill  select  as  this  axis  the  direction  of  the  field  HQ  . The 
maximum  value  of  the  component  of  ~js  along  t is  the  quantity  known  as  the 


nuclear  spin 


I 


defined  by: 


(2-1)  (pn)  MX 

X may  have  either  integral  or  half- integral  values  and  will  have  a single 
characteristic  value  for  a particular  nuclear  species*  The  permitted  values 
for  ^ are  given  by; 

(2-2)  *-2 


so  that  there  are  21+1 
tionality  of^ZT  “i-d  “p 
Combining  equations  '2-2. 

'.2-3; 


possible  values  for  Ph  ■ 
the  possible  values 
) an a (1-2)  we  find  that 


Because  of  the  propor- 
will  also  be  restricted. 


and  from  equation  il-7) 

(2-M  '?-T) 


Thus  the  quart ua  theory  predicts  the  existence  of  discrete  values  of  the 
potential  energy  of  the  nucleus  in  a magnetic  field.  These  energy  levels  are 
equally  spaced,  with  a separation 


(2-5)  £ i/ — 

3 Resonance  Aba  ••  in  According  to  the  Bohr  postulate,  transitions 
between  two  states  separated  by  energy  aU  will  be  accompanied  by  emission  or 


absorption  of  radiation  at  a frequency  determined  by  the  relation 
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Classically  we  found  tbat  the  energy  spectrum  was  continuous.  Under  such 
conditions,  AH  and  (A  would  also  be  continuous.  However,  the  quantum  theory 
predicts  discrete  energy  levels,  and  therefore  discrete  values  for  aU 
These  values  are  further  limited  by  the  selection  rules  governing  transitions 
between  the  energy  levels  U*  , which  state  that  only  transitions  in  which 

are  permitted.  Since  the  energy  levels  are  equally  spaced,  AH  , 
and  hence  (O  , will  actually  be  restricted  to  a single  value.  This  is  the 
resonance  condition.  From  equations  (2-5)  and  (3-1)  we  find  that  the  resonance 
frequency  is 

(3-2) 

which  on  comparison  with  equation  (1-6)  proves  to  be  identifcal  with  the  Larmor 
precession  frequency. 

The  actual  values  of  are  seen  to  depend  on  the  external  field  , 

and  on  ^ , a constant  for  the  particular  nuclear  species  under  consideration. 
In  general,  the  field  strengths  attainable  in  the  laboratory  will  not  exceed 
10,000  gauss,  and  the  values  of  usually  fall  in  the  range  from  0.5-6.  The 
resonance  frequencies  of  most  nuclei  will  thus  lie  in  the  region  from  one  to 
fifty  megacycles,  which  is  in  the  ordinary  radiofrequency  range.  As  a result 
the  techniques  and  equipment  used  to  detect  resonance  absorption  are  usually 
quite  similar  to  those  employed  in  commercial  and  amateur  radio  work. 

b.  The  effect  of  a processing  magnetic  field.  We  have  found  that  a 
nucleus  in  a magnetic  field  TS  , will  undergo  precession  due  to  the  combined 


action  of  its  own  spin  and  the  torque  produced  by  the  interaction  of 
the  nuclear  magnetic  mofcent^^ 


K 


and 
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Let  us  now  apply  a snail 
magnetic  field  , rotating  vith  angular 
frequency  U)  in  the  plane  perpendicular 
to  . The  torque  produced  by  , 

tends  to  tip  the  vector  $ , as  shovn  in 
Figure  3-  However,  if  CO  differs  appreci- 
ably from  d)0  , the  Larmor  frequency,  the 
relative  orientation  of  77,  and  00  will 
change  with  time.  When  Ht  has  the  orien- 
tation ft,  , the  torque  which  it 
- ^ 

exerts  will  be  opposite  to  that  which 

it  exerted  previously.  Thus  the  time  average 


Figure  3 

If  U)  sr  Cd9  ,yZ  and 


effect  of 


will  be  zero. 


n 


will  always  retain  the  same  relative  orientation, 
and  the  torque  exerted  by  L,  will  always  act  in  the  same  direction.  The 
probability  that  it  will  tip  yt  into  a new  orientation  with  respect  to 
will  now  be  appreciable.  The  new  orientation  will  have  to  be  one  of  those  per- 
mitted by  the  quantum  conditions  imposed  on y u so  that  the  energy  absorbed 
or  emitted  when  the  transition  takes  place  will  fulfill  the  resonance  conditions 
discussed  previously. 

We  have  considered  the  small  field  , as  rotating  about  J?0 


This 


is  not  practicable  experimentally.  However,  we  can  easily  apply  an  alternating 
magnetic  field  simply  by  placing  the  sample  inside  a solenoid  through  which  a 
current  is  passing.  Let  us  assume  that  the  axis  of  this  coil  lies  along  the 
x-axis.  The  field  produced  by  the  coil  will  be 

<*-l) 
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However  this  can  also  he  expressed  as  the  sum  of  two  fields 

^ {H  carat  (Hx=~k^  Cos  ** 

(4-2)  < 6,h  ^ I -?U>  s'» 

( "r°  '^r° 

Each  of  these  two  fields  rotates  about  the  z-axis,  but  in  opposite  directions. 
When  OOsaO)0  , one  of  these  two  fields  will  rotate  in  the  same  direction  as 
and  will  be  capable  of  inducing  transitions.  The  other  will  rotate  in  the  wrong 
direction  and  will  be  ineffective.  "nos  the  oscillating  field  will  produce  a 
rotating  or  circularly  polarized  field  whose  effective  magnitude  will  be  > 

but  whose  frequency  of  rotation  will  be  the  same  as  » he  frequency  of  oscillation 
of  the  applied  field. 

5-  A more  detailed  quantum-mechanical  treatment.  In  our  previous  dis- 
cussion we  have  made  several  assumptions  concerning  the  quantum  restrictions 
on  the  classical  description  cr  the  magnetic  properties  of  the  nucleus.  In 
order  to  justify  these  assumptions  ana  particularly  to  derive  the  probabilities 
of  transitions  between  the  energy  levels,  we  roust  consider  the  quantum-mechanical 
description  of  our  system. 

The  wave  fund  ion  fti)  , which  is  an  accurate  representation  of  our 
system  must  of  course  satisfy  the  time -dependent  Schrddinger  equation 

(5-1  / 7/ ft)  $(f)  - 1 % 5i ¥(*) 


where  /v4  Is  the  Hamiltonian  operator-  We  are  considering  only  th«»  energy 
of  interaction  of  the-  nuclear  magnetic  moment  with  an  external  magnetic  field; 
we  will  assume  the:  all  otner  factors  such  as  translational  energy  or  electronic 
magnetic  aoroer.*.?  are  absent,  or  are  such  as  to  add  only  a constafct  term.  In 
this  -ase  tie  Hamiltonian  operator  .3  simply; 


V 


Ik 


where 


(5-3) 


1 is  the  spin  angular  momentum  vector  operator  which  can  be  seen  from 
equation  (1-2)  to  be  related  to  the  ordinary  angular  momentum  operator  by  the 
relation 

We  shall  assume  that  our  magnetic  field  is  composed  of  a strong  constant 
field  Ho  , and  a small  time-dependent  field  in  the  plane  perpendicular  to  the 
strong  field.  Thus  in  Cartesian  coordinates 


(5-4) 


Then,  from  equation  (5-2) 

(5-5)  %{t)  - -f*  (H*1*  + 

where  lx,  , and  are  the  spin  operators  for  the  components  of  the 

total  spin  . Now  let  us  briefly  recall  some  of  the  properties  of  angular 
momentum  operators  (E~l),  and  consider  first  the  operator  1-1= If/3 
This  operator  will  commute  with  each  of  the  operators  2T*  , , and  , 

although  these  operators  will  not  commute  with  each  other.  It  will  thus  be 
possible  to  find  a set  of  eigenfunctions  ^ , which  will  be  eigenfunctions  of 
both  nr  and  ^ • Assuming  these  functions  are  known,  we  may  write: 

lTl%%  — ff)  ^ ( -2”  '•»  of  Uf-intt^ral) 

(5-6) 


and 


Return ing  to  our  original  problem,  we  may  treat  this  by  perturbation 

criu 0 

theory  by  separating  our  Hamiltonian  into  a time- independent  part 
a time -dependent  perturbation  /V*  , so  that: 


(5-7)  -y*o 
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Since  W'  is  independent  of  tine  it  will  have  a solution  of  the  form 

(5-8)  ^ ° ^ **  E* 

where  f^n}  is  the  energy  of  the  various  eigenstates  of  the  system.  From 
equations  (5-6),  (5-7) > and  (5-8),  we  find; 


(5-9)  = 


which  agrees  with  equation  (2-4-).  are  the  energy  levels  for  the  un- 

perturbed system  with  the  set  of  eigenfunctions  ^ which  are  independent  of  time 
Under  the  influence  of  the  small  perturbing  ffsld,  a nucleus  which  was 
originally  in  one  of  the  states  represented  by  a particular  ft*  may  undergo 
transitions  to  some  other  state  ^ . The  wave  function  m , which  describes 
the  whole  system  may  be  expanded  in  terms  of  any  complete  set  of  eigenfunctions, 
and  for  this  purpose  we  shall  select  the  set  ^ for  the  unperturbed  energy 
levels,  incorporating  the  time  dependence  into  the  coefficients  of  the  individual 
s . We  will  assume  that  $h)  is  normalized,  as  are  the  unperturbed  eigen- 
functions. Since  the  latter  functions  are  also  orthogonal,  we  have  the  relations; 


(5-10) 

(5-u) 


+ 9 


(5-i2)  z co,  =i 

>**  — X 

Thus  the  product  ac,  represents  the  probability  that  the  nucleus  will  be 
in  the  state  in  si  time  t , In  order  to  evaluate  the  constants  we  must 

consider  the  effect  of  the  perturbation  . Substituting  equation  (5-10)  into 
(5-1)  and  using  equations  (5-7)  and  (5-8),  we  find: 

(,.13)  ZQEi  +ZQ  -lif&i 

** 


(5-13) 
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This  may  he  reduced  to  a set  of  simultaneous  equations  by  multiplying  equation 
(5-13)  by  each  ^ in  turn  and  using  equation  (5-11).  Thus 


(5-14)  C - 


y.  z[Q,-  Hi  ? O]  = < * 


c*-t 


X and  iZj  individually  do  not  have  the  functions  ^ as  eigenfunctions. 
However,  it  can  be  shown  that  (S-l): 


( X nr, ) ^ = ZCx+  »i  * y*  £ 


J 


Mt! 


(5-i5) 


•j 


Therefore; 


(5-17) 


* - + KT+hXT~**jl*£j 

(5-16)  ^ & -D 

It  is  now  possible  to  evaluate  the  functions  ctxt-;.  which  become: 

(t,  H‘t’)  = £(“>  fcH) 

+ %Cn,+  i.Hj)[fr+*-Xr-  » '+>)J*C \ t,-, ) 

Before  using  these  relations  which  are  required  in  the  summation  in  equation 
(5-14),  we  must  remember  that  the  ^ 's  are  orthonormal.  Thus  there  sure 
only  two  terms  in  the  summation  which  do  not  vanish,  those  for  which  as - at  1 . 

We  have  thus  Justified  the  selection  rule  we  previously  stated,  A^s=-±1_ 

Equation  (5-14)  now  takes  the  form:  y 

(5-18) 


- (hlx  +^Hcy)  jj C-L  +**  + i)CT-^)J  /gC^  + , 


U x and  nay  be  replaced  by  their  equivalents  from  equation  (4-2b),  to  yield: 


(5-19) 


l 


d _ x~<  r~ 

7Tt~  “ 

A// 


lCt^Yt-^4  C,  + e~“ 
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V#  BOV  ho  TV  V cot  of  Slnalt*aSOUS  first  OTdtT  different  ifll  equations 
involving  the  coeffic ients  . Slnee  vv  •ball  bv  concerned  only  with  our lei 

vhoav  spin  la  vv  shall  aolrv  thv  venations  (5-19)  only  for  this  special  case 
lowewr , thv  solutions  for  £ > £ can  bv  obtalavd  frost  this  case  by  trie  method 
of  Majorana  (M-l) . Whvn  X—  £ # **  can  haw  only  thv  wines  ± j . Thus 

vv  will  haw  only  tvo  aquations: 

C+ 

<5'20)  * JT  - 

Thvsv  aquations  arv  sin ilar  to  thosv  obtained  by  Ransvy  (R-l) . mr.ey  may  be 
•olwd  by  converting  onv  or  thv  othvr  aquation  into  a second  orier  differential 
aquation  (differentiating  once  narv  vith  respect  to  tine),  which  may  be  made  a 
function  of  only  one  of  thv  C *■  by  proper  substitutions  from  equation  (5-20). 
The  resulting  aquation  nay  then  bv  solved  by  standard  nvthods  and  the  solution 
usvd  to  find  thv  othvr  C fron  thv  proper  aquation  of  (5-20).  when  the  arbitrary 
eonatanta  arv  vwluatvd  in  tarns  of  thv  Initial  values  of  the  coefficients  ^ 4 ( cj 


and  C-^(o)  (at  t * 0 ),  tha  final  solution*  arv: 


(5-21) 


* lfcoS  * £ cej6ri*+«,t) C^o) - i (finOri* y a t) C-:  -v  j f 

itjZ 

(:si*6si*t*t)C4(o)  h(cos**i  -Lco*eti«frt)C^'iie 


where 


(5-22) 


CojS  - 


* 


Us  osoi  nsv  shew  froa  these  squat  ions  that  the  probdbilit  iv>  are  tha 
fm  the  transitions  +^-e-£ r and • I*t  ns  sssn  that  initially 
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the  nucleus  .5  the  state  f *s  j i .9.  C^(o)~l;C.^(o)~0.  Then  after  time  t , 

the  probability  that  the  nucleus  will  be  found  in  the  other  state,  - -jg  , is 

ve.n  by  ; the  probability  that  it  is  still  in  the  state  +--k  is  Cu 

c T& 

Then  at  t Irae  * , 

' =:  ccs*£at  +■  cos20  sin3^-t 

zz.  sm*  6 sm2 

aril  _ - C-y?,  “ 1 > 111  agr«emen'fc  with  equation  (5-12). 

On  the  o’rer  .aur  , if  the  nucleus  is  originally  in  the  state  - ^5  , then 
, <C-'/£Co)  = j , and  we  find  after  time  ~t  , 

' C , - s~m2Q  fth2  Jpajt  — 

';'?U  ^ • — CosS-ga,t  y COSX6  fir>2-go.tsz  C ^ Cfa 

sr.Mj.  define  the  symbol  ^ as  the  probability  that  a 

nucleus,  or.  a\’n'.  y in  the  state  f -35  , will  after  time  t be  found  in  the 
state  - i , »•)'  define  C(**  similarly.  Then  equations  (5-23)  and  (5-24) 

snow  that  - 

. , . ■=  CyR-*+'/z  = C - sin2^out 


Replu.-.'  • and  Cl  by  the  values  given  in  equation  (5-22), 


he  can  see  front  v.  s equation  that  the  probability  of  a transition  taking  place 
will  be  v.i-y  <% inless  00  = , confirming  the  resonant  nature  of  the 

abs  v-rt.. 0,0  ; -.er,  7.  n. 

Tn*-  n mechanical  treatment  has  now  Justified  the  assumptions 

male  : rev . , > ; has  also  shown  that  the  transition  probabilities  are  equal 

for  e.t  .e-  •?*  . a or  induced  emission  in  the  presence  of  a radiation  field. 
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In  order  to  obtain  a net  absorption  of  energy  there  must  always  be  an  excess 
of  nuclei  in  the  lower  energy  state.  Such  a situation  can  exist  only  if  a 
relaxation  mechanism  is  available  to  remove  the  energy  absorbed  from  the  radia- 
tion field. 

6.  Relaxation  mechanisms.  In  the  absence  of  a magnetic  field,  a sample 
containing  M0  nuclei  which  have  a magnetic  moment  will  have  these  nuclei 
distributed  equally  among  the  possible  spin  states.  When  a strong  permanent 
magnetic  field  is  applied,  each  spin  state  will  have  a different  energy  due  to 
the  coupling  of  the  spin  with  the  fieiu.  The  new  equilibrium  number  of  nuclei 
for  each  state  will  now  depend  on  the  Boltzmann  factor  for  that  state.  For  the 
case  of  only  two  energy  levels 

<«-»  =e  =/l/. 

Before  the  field  was  applied,  the  t«o  states  had  equal  energy,  so  (_£ 

In  the  presence  of  the  field,  this  condition  of  equality  would  require  that 
the  temperature  of  the  spin  system  be  infinite.  The  spin  system  must  therefore 
interact  with  the  surrounding  lattice  in  order  to  "cool  down"  to  the  temperature 
of  the  lattice. 

We  have  seen  that  a rotating  or  oscillating  magnetic  field  at  a nucleus 
will  produce  transitions.  However,  we  have  only  considered  an  externally 
applied  field.  It  is  also  possible  for  fluctuating  magnetic  fields  to  be  pro- 
duced by  the  lattice,  by  thermal  vibrations  or  rotations  of  the  nuclei  in  the 
sample,  by  Brownian  motion  in  liquids,  or  by  the  components  of  electronic  spins 
or  orbital  moments  if  these  are  present.  Such  fields  will  produce  transitions, 
the  energy  Involved  being  exchanged  between  the  nuclear  spin  system  and  the 
thermal  reservoir  of  the  surrounding  lattice.  It  is  possible,  in  principle,  to 
calculate  a transition  probability  for  the  interactions  between  the  lattice  and 
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the  spin  system.  However,  these  interactions  are  providing  a thermal  mechanism 
to  equalize  the  temperatures  of  the  lattice  and  the  spins,  so  it  is  appropriate 
to  weight  the  calculated  probability  with  the  Boltzmann  factor  of  the  final 
state  to  which  the  transition  takes  place.  Let  us  call  the  computed  transition 
probability  V/  . Then  the  total  probability  of  transition  is  given  by: 

We-£-*/kT=  y-^/jkr 
(6’2>  = We'  £*Ar  = We 

Now  let  us  again  consider  our  nuclear  spin  system  in  a magnetic  field 
At  equilibrium,  in  the  absence  of  the  weak  oscillating  field,  the  number  of 
transitions  "up"  and  "down"  must  be  equal;  thus; 

(6-3)  A = A/-yz  W-'/z-^  + '/z 

If  the  system  is  not  in  equilibrium,  it  will  exchange  energy  with  the  lattice 
in  such  a manner  as  to  approach  equilibrium „ Let  us  call  the  excess  number  of 
nuclei  in  the  lover  state  Yl  , so  that; 

<6-10  ft  W+t  -fj.fc 

Then  we  express  the  approach  of  to  its  equilibrium  value  by 

(6- 5)  Zt  *2  fa  ] 

the  factor  2 being  used  because  changes  by  2 for  each  transition.  The 
exponents  in  equation  (6-2)  are  ordinarily  very  small,  so  the  approximation 
€ ss  1 + X will  be  extremely  good  in  this  case.  Using  this  approximation  and 
substituting  the  equations  (6-2)  into  (6-5),  we  obtain: 


(6-6) 
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„h.r.  n,  = 

- -2Wtl 
(6-7)  J 


Then  the  solution  of  this  equation  is: 


Thus  we  learn  that  equilibrium  is  established  exponent ially,  with  a characteristic 
tine, 

(6-8) 

known  as  the  spin-lattice  (thermal)  relaxation  time. 

Theroretical  calculations  of  ~T^  and  their  correlation  with  experi- 
mentally observed  values  have  offered  a new  insight  into  the  nature  of  the  solid 
state.  The  details  of  some  of  these  studies  may  be  found  in  references  (B-2), 
(B-3),  and  (w-l).  For  the  purposes  of  this  investigation  it  will  suffice  to 
remember  that  relaxation  mechanisms  exist  and  that  the  efficiency  of  these 
mechanisms  as  measured  by  the  relaxation  time  frequently  sets  a limit  on  the 
possibility  of  detecting  nuclear  magnetic  resonance  absorption. 


B.  The  Macroscopic  Viewpoint . 

1.  General.  Our  previous  discussion  has  been  largely  microscopic, 
dealing  with  the  individual  nucleus  and  using  the  methods  and  results  of  quantum 
mechanics.  In  actual  fact  we  will  be  working  experimentally  with  a macroscopic 
sample  containing  many  nuclei.  Furthermore,  the  experimental  technique  involves 
the  detection  of  resonance  absorption  by  its  effect  on  the  electrical  character- 
istics of  a coil.  We  must,  therefore,  relate  the  quantum-mechanical  result* 
obtained  previously  to  the  macroscopic  experimental  conditions,  which  are  best 
described  in  terms  of  classical  magnetic  theory  and  electronic  circuit  theory. 

2.  The  Bloch  equations.  Let  us  consider  that  we  have  a sample  containing 
No  nuclei  per  unit  volume.  We  shall  assume  that  thermal  equilibrium  has  been 

established  between  the  nuclear  magnetic  dipoles  and  the  lattice,  in  an  external 
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Magnetic  field,  Ha  . The  sample  will  then  have  a resultant  magnetic  moment 
per  unit  volume  ^o>  given  by: 

(2-D  7f=  x,  X 

where  is  the  nuclear  magnetic  susceptibility  per  unit  volume  (Curie 

susceptibility.  The  value  of  7(0  can  be  derived  in  terms  of  the  quantities 
used  in  part  A (P-3).  For  nuclei  of  spin  1—  ^ , 


(2-2)  /To  — 


iL 


This  static  susceptibility  of  the  nuclear  magnetism  is  extremely  small, 
more  than  1,000  times  smaller  than  the  ever-present  diamagnetic  susceptibility 
due  to  the  electron  shells  of  the  atoms.  We  shall  see,  however,  that  when 
resonance  absorption  occurs,  the  susceptibility  will  be  increased  by  several 
orders  of  magnitude. 

Let  us  now  apply  a radiation  field  which  rotates  about  the  permanent 
field  in  the  manner  already  discussed.  The  total  applied  magnetic  field 
will  have  the  components 

cos  <*rt 


(2-3) 


=-i  H,  sm  ^ 


We  have  already  seen  that  for  a single  particle  of  magnetic  moment 
the  torque  applied  by  the  field  can  be  expressed  as 

(2-k)  L = M 

and,  from  equations  (1-2)  and  (1-5),  part  A, 


t yU, 


(2-5) 
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It  is  a fact  that  the  quotum-mechanical  expectation  value  for  the  time 
derivative  of  an  operator  (in  this  c&ae^yt/  ) follows  the  classical  equations 
of  mot ion „ Therefore,  we  are  allowed  to  carry  the  expression  (2-5)  over 
to  the  macroscopic  case  unchanged;  and  the  magnetic  polarization  Af  , which 
is  the  sum  of  all  the  individual  moments,  fits  the  equation 

(2-6)  Ttf-  Jirfay] 


This  equation  describes  th-  effect  of  the  externally  applied  field 
on  the  polar izat ion . We  must  also  consider  other  interactions,  the  first  of 
which  is  that  of  spin-lattice  relaxation.  As  pointed  out  above,  this  is  an 
interaction  which  affects  the  total  energy  of  the  spin  system.  Remembering 
that  the  energy  depends  only  upon  the  component  of  the  polarization  in  the 
direction  of  the  strong  field  (equation  (1-7) » part  A),  we  may  write  for  the 
total  energy. 


(2-7) 


where  /i'j  is  the  z-component  of  the  polarization.  At  equilibrium,  this  has 
the  value  /10=^0  H0  (equation  (2-1))  - If  at  any  time  , it  will 

approach  this  value  exponentially  with  the  characteristic  relaxation  time  7^~  , 
as  we  have  seen.  Thus  as  a result  of  thermal  perturbat ions  alone, 


(2-8) 


K-M. 


T 


£ 


the  partial  indicating  that  this  is  only  one  of  the  interactions  affecting 

We  must  alio  consider  the  factors  other  than  the  external  field  that 
affect  Aj/  and  Such  factors  can  be  classed  as  spin-spin  interactions 

and  strong  field  inhoaogeneity  In  order  to  describe  the  effect  of  these 
factors,  let  us  assume  that  at  a particular  instant  in  time  all  the  nuclear 
moments  are  lined  up  in  phase  (parallel)  as  they  precess  about  the  strong  field 
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axis.  If  the  field  were  perfectly  homogeneous  ana  each  spin  could  be  considered 
as  independent  of  all  the  others,  all  the  spins  would  precess  at  exactly  the 
same  frequency,  and  /fx  and  would  have  large  constant  values.  However, 

if  the  field  is  somewhat  inhomogeneous  the  nuclei  in  different  parts  of  the 
sample  will  have  slightly  different  Larmor  frequencies  and  will  precess  at  slightly 
different  rates.  Furthermore,  each  nuclear  moment  produces  its  own  small  magnetic 
field  which  will  add  to  the  strong  field  at  the  location  of  neighboring  nuclei, 
and  this  will  have  the  same  aff.?-.  ■ as  lnhomoge*'* ity  in  the  field.  Finally,  two 
neighboring  nuclei  which  have  the  &..»!&.  ...armor  frequency  will  each  produce  at 
the  other  nucleus  a preceasing  f ield  at  the  Larmor  f;  - ’-ancy  which  may  cause 
both  nuclei  to  undergo  a transition  at  the  same  time,  leaving  the  total  spin 
energy  unchanged , The  final  result  of  all  these  effects  is  to  destroy  the  exist- 
ing phase  relationships  between  the  various  ruic \ ear  spins,  while  leaving  the 
total  spin  energy  unchanged,  Thn?  the?.*'  processes  will  have  no  effect  on  , 

but  they  will  affect  /fx  ana  /fj  , reducing  the  latter  components  to  zero  in 
the  absence  of  the  radiation  field.  By  analogy  to  the  previously  discussed 

effect  of  spin-lattice  interactions  on  M , Bloch  i.B-4)  expresses  the  dis- 

(J  Af 

orienting  effect  of  spin-spin  interactions  and  field  Inhomogeneity  on  / / / and 
/lij  as  an  exponential  decay  relationship: 

, , /M)_  K /<M 

(2-91  I -srV  - ~ k ( Jt 


where  the  partials  have  in®  same  significance  as  in  : 2-8),  and  ~7Z  is 


the 


characteristic  time  associated  with  the  disorientation  process , 

Combining  equations  (2-6),  (2-8),  and  (?-9),  Bloch  obtained  the  following 
set  of  differential  elation  3 for  the  components  of  M (B-ti. 


M = [/'.  h,  - K Hjj  - % 


A-r> 


m , frlHA-UJ'  ] * 


(2-10) 
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The  solution  of  these  equations  which  we  will  use  :e  given  by  Pake  (P-3)°  He 


finds  for  a particular  solut  ion; 

K = TX  t*>  X Tl ^ Oj  f 1 u.  t) 


(2-11) 


ju  / ^ , , ~r  (H,  cci  st)  — T^fo0-oS)(H,  s in l>\ 

Ar?K^ 

Lf  __  y U 1 ■+  ~Tz  (<J0~U)j‘' 

1 ° ’ 


In  these  equations  )(0  is  the  fine  **  :~pt  ibilct  * g v»n  m equation  (2-2), 
and  is  the  Lariror  frequency 

3.  The  complex  susceptibility  nave  now  r'o.iid  a solution  for  the 

components  of  the  induced  magnetic  polar i?ac  ion,,  M However,  we  will  be 
more  interested  in  the  magnetic  susceptibility  which  is  the  quantity  which 
appears  directly  in  the  erpre:-  • o-  for  • electrical  characteristics  of  a coil. 

It  is  advantageous  i\r  many  purposes  to  represent  the  susceptibility 
as  a complex  number. 

.-11)  * = *-<*" 


The  applied  radiation  field,  whur  i?  act  .ally  an  oscillating  field  along  the 
x-axis  of  cur  coordinate  eye  , may  be  repress* t ed  as  the  real  part  of  a 
complex  quantity 


(3-2) 


Hj,  — l~l,  ^ tA>  t ■+  i Ht  sin  u>t 


Then  the  obs-rvab-e  mag- tat  ion  will  be  the  reax  part  of  the  complex  product  KHX 


(3-3) 


M,  = r(n,  Cosujtj  + X‘(*1  Sir  cjt) 
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Thus,  K is  propoi  t . -.i  * xhv  -or- per. at.*  of  • h*  magn-i  izat  ton  which  is 

out-of-phase  wi-.n  the  apr  i ;•  a f i-H  ' o*rpar  of  equations  3-3)  end  (2-11 ) 

identifies  the  real  a -vi  tea,.-.  >’  ar,;  p-  r~  >t  • ;i>-  i ep*.  is  i 1 i ; ? as*! 

v ' __  i - ~ _ . 

/!  -•  -f  e,  w.  :■  - ' _ - - - 


-V; 


7 ' 


(3-5)  / 


■v  «r  : * • f-  r, 


We  tcey  r.ov  <••■• 


cases,  where 

,r' 


IS  't*v.  i 


c ^ • •- 


f 3-6) 


for  t wo  general 
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In  figure  k we  have  plotted  7f‘  (the  nuclear  dispersion)  and  1("  (the  nuclear 
absorption)  against  the  dimens  Jonless  quantity  a,  - The  absorption 

curve  illustrates  quite  clearly  the  resonant  nature  of  the  absorption  phenomenon . 
The  half-vidth  of  the  line  (one -half  the  frequency  separation  between  the  points 
at  which  the  amplitude  of  ~A'  is  oae-half  its  maximum  value)  will  be  equal  to 
^ , because  at  these  points,  7^  7ioc~ioj- , Thus  ~Tg  is  a measure  of  the 

line  width  and,  as  can  be  seen  from  equation  (3-6),  is  also  a determining  factor 
for  the  peak  amplitude „ in  shown  that  the  area  under  the  curve 

is  a constant  for  a given  /f0  and  When  spin- spin  Interactions  are 

small  (in  liquid  or  gaseous  samples),  will  !«•.  named  solely  by  the 

magnetic  field  inhomogeaeity,  which  then  becomes  of  considerable  importance  In 
attaining  good  signal  streng' na  or  m precision  determinations  of  resonance 
frequen..  ies . 

Now  let  ua  consider  v ’-apper.?  when  5 is  no  longer  negligible. 

This  will  be  the  case  for  1 o~ . ••  .*»«>.•  -f:«  •, : xes  ( T ) , or  fairly  strong  radia- 
tion fields.  Considerat  ion  of  eq  .ta*.  ior,  t - n i shows  that  when  5 becomes  signi- 

. , - n 

ficnat , the  maximum  values  o*'  ■ a.vi  / are  decreased.  Furthermore,  the 


s increased,  since  at  one-half  maximum 


w ich  of  the  absorption  carve  / 

. / n ~r  *■  j 

intMsi.y,  (uJa  -u)  = ~zf— 

'2 

M-jj  will  also  be  de;.  -.-a..  . vher.  5 is  increased.  If  we  substitute 
for  ~Xo  in  equation  its  value  trot  equation  [2-2),  we  find; 

H /L 

— - Tt7  i" — ** 


(3-7)  //jfu)=t/0o)  ^fprf‘+s)  ^ -v  rs 


where  %.T6>s)  considered  to  define  an  effective  spin  temperature. 

Thus  ths  effect  of  toe-large  radiation  fields  or  inefficient  spin-lattice  re- 
laxation mechanisms  (long  /?  . is  to  increase  the  temperature  of  the  spin 

system  and  reduce  the  available  signal  strength.  Under  these  conditions  the 
■pin  system  ie  said  to  be  aaturettng,  and  5 will  be  the  measure  of  the  saturation. 


V 


Comparison  of  the  Microscopic  and  macroscopic  viewpoints:  the 

power  absorbed  by  the  sample.  Ve  can  now  show  that  the  two  approaches  we  have 
taken  lead  to  the  same  expression  for  the  power  absorbed  by  the  sample  from  the 
radiation  field.  Fake  (P-3)  treats  the  absorption  in  a manner  analogous  to  the 
problem  of  hysteresis  losses  in  a transformer,  for  which  case  the  power  absorbed 


t=  S7r/«> 


(0-1)  P=g 


where  the  integral  represents  the  power  absorbed  per  cycle  of  the  radiation 
field.  Using  the  real  parts  of  the  complex  field  and  complex  induced  polariza- 
tion (equation  (3-3)),  he  evaluates  this  expression  as: 

(4-2) 


where  /[  is  given  by  equation  (3-%),  and  u)0  replaces  u)  because  it  is  only 

. // 

in  the  region  around  u)Q  that  does  not  vanish. 

Turning  again  to  the  results  of  part  A,  we  have  found  an  expression 

for  the  transition  probability  (equation  (5-30)), 

, * „2  * t.  . o?  <?>/  H,s  7 % 


rvy  _ IjSaJiL 

(^-3)  H*  l. 


nr  y& 

j 

This  expression  is  identical  to  that  obtained  by  Bloembergen  (B-2,  p.25).  By 
considering  that  the  absorption  line  shape  can  be  described  by  a function  (f>(y)  , 
such  that  the  line  shape  is  considerably  broader  than  the  frequency  spectrum 
of  the  applied  ridlation  field,  Bloembergen  was  able  to  derive  an  expression  for 
the  power  absorbed,  which  in  our  nomenclature  becomes: 
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vhere  fl  is  the  number  of  surplus  nuclei  in  the  lover  state.  Neglecting 


saturation  effects,  ve  may  replace  by  its  equilibrium  value  /?=  v£kT 
Making  the  further  substitutions  of  ^ - J/'o. fjs  , and  Xo  > aquation  (2-2), 
ve  vill  obtain: 


(*>-5)  P = (ix 


This  vill  be  identical  vith  equation  (4-2)  if  ve  assume  that  the  shape  function 
has  the  fora 


(i,-6) 


_ _sJk 


//  rr«.-»r 


vhich  is  the  shape  appropriate  to  a damped  oscillator.  Since  this  shape  is 
frequently  encountered  both  theoretically  and  experimentally  in  magnetic  re- 
sonance absorption  studies,  ve  may  feel  Justified  in  using  it  here.  Thus  ve 
find  that  both  the  microscopic  and  macroscopic  vievpolnts  lead  to  the  same 
expressions  for  the  nuclear  susceptibilities. 

5«  Detection  of  the  absorption:  the  timed  circuit.  We  have  finally 


reached  the  point  vhere  ve  may  begin  to  consider  the  magnetic  resonance  absorp- 
tion in  terms  of  the  actual  experimental  conditions.  We  have  a coil  vhich  forms 
the  inductive  part  of  a tuned  circuit.  The  sample  is  placed  in  the  coll,  vhich 
is  situated  so  that  its  axis  is  at  right  angles  to  the  direction  of  the  field 
of  a permanent  magnet.  Let  us  assume  that  the  circuit  is  tuned  to  electrical 
resonance  at  all  times  as  the  frequency  of  the  applied  signal  is  svept  through 
tie  Laraor  frequency  U)0  . We  may  represent  the  circuit  as  shovn  in  Figure  5. 


f~" '(jure.  S' 
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la  this  circuit,  R<:  is  the  equivalent  shunt  resistance  of  the  tuned  circuit, 
and  is  coaposed  of  the  actual  resistance  of  the  coil  (exclusive  of  that  produced 
by  nuclear  magnetic  resonance  absorption),  the  resistance  of  the  capacitor  and 
the  associated  wiring,  and  the  equivalent  pure  resistive  impedance  of  the 
resonant  circuit  formed  by  T~i  and  C . Ve  will  assume  that  the  inductance 
L has  the  value  !h0  when  all  the  contributions  to  it  except  that  of  the 
nuclear  susceptibilities  are  included.  Then  we  may  write: 


(5-D  Z =-Ze(l  + 4*VX) 

where  ^ is  the  filling  factor  representing  the  fraction  of  the  energy  in 
the  coil  that  is  actually  stored  in  the  sample.  Its  value  depends  on  the 
homogeneity  of  HL  and  on  the  ratio  of  the  volume  of  the  sample  to  the  total 
volume  enclosed  by  the  coil,  so  it  is  always  less  than  unity. 

The  admittance  Y , of  the  resonant  circuit  is  the  reciprocal  of  the 
impedance  and  is  given  by: 

(5-2)  y=-^s+i(uc--ji) 

When  the  circuit  is  tuned  to  electrical  resonance,  u)r  C — —r  C • 

~ vrLj 

If  we  replace  JL  by  its  equivalent  expression,  equation  (5-1),  and  make  use 
of  the  fact  that  ^/«  1 f We  may  rewrite  the  admittance  at  electrical 
resonance  as: 

(5-3)  y=  — t >■ * 4i£&- 
1 f?s  «U' 

We  have  already  found  that  ~X  vanishes  except  when  b)r  = u)Q  f so  when  this 
condition  is  not  fulfilled  the  input  admittance  of  the  circuit  is  simply  ^Rs 
When  £Jr  =?  u>Q  , we  must  include  the  effect  produced  by  X .In  this  cas 

(5-k)  Y=(4r  + 

/Vjr  H-l-o  / 
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The  imaginary  part  of  the  susceptibility,  7("  > produces  a snail  change  in  the 
input  conductance,  (j0  = , of  the  tuned  circuit.  Thus  the  experimental 

problem  simply  involves  the  detection  of  a small  increase  in  the  conductance: 

(5-5)  aG= 

The  effect  of  X.'  is  to  shift  the  resonant  frequency  slightly.  It  can  be  shown 
that  this  shift  is: 


(5-6)  A vr  vr~ Srltc  cjfcleVscc • 

It  is  possible  to  detect  either  the  effects  of  X'  OT  X*  by 
proper  choice  of  the  experimental  conditions.  Let  us  assume  that  the  circuit 
of  Figure  5 is  supplied  with  a constant  current  1 . The  voltage  developed 
across  the  terminals  a- 6 will  be: 


(5-7)  V = Y~  Xl?s 

or 

(5-8)  VS!  Vo  [0 - 1* $4. r)- i rj 

where  \fg  = 7T  , and  Q0  - . If  the  frequency  of  the  applied  current  is 

swept  chrough  the  Larmor  frequency  with  the  circuit  maintained  at  electrical 
resonance  at  all  times,  the  voltage  across  the  circuit  will  decrease  slightly 
at  and  around  the  Larmor  frequency.  In  actual  practice  the  strong  magnetic 
field  is  modulated  with  a low-frequency  component  which  has  a magnitude  of  a 
few  guass.  This  introduces  a periodic  variation  in  the  Larmor  frequency  of  the 
nuclei.  The  voltage  developed  across  the  tuned  circuit  will  vary  periodically 
as  the  Larmor  frequency  is  swept  bach  and  forth  through  the  electrical  resonant 
frequency,  and  the  voltage  can  be  detected  and  amplified  by  ordinary  electronic 
methods.  If  the  amplified  voltage  is  then  applied  to  the  vertical  plates  of  an 
oscilloscope,  the  oscilloscope  trace  will  reproduce  the  signal  appearing  across 


the  tuned  circuit. 
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Equation  (5-8)  shove  that  around  the  resonance  frequency  \/  vill 
differ  from  \/0  in  amplitude  by  an  amount  proportional  to  X'  and  vill  differ 
in  phase  by  an  amount  proportional  to  7t  . Each  effect  is  best  studied 
independent ly,  so  a vay  must  be  found  to  separate  the  tvo.  One  method  frequently 
used  is  that  of  a bridge  circuit.  The  signal  from  the  current  source  is  fed 
to  both  halves  of  the  bridge,  one  containing  the  sample  coil  and  the  other  con- 
taining a dummy  coil,  all  other  components  remaining  the  same.  The  voltages 
developed  the  tvo  tuned  circuits  are  recombined  before  being  amplified.  The 
phases  and  amplitudes  of  the  tvo  signals  can  then  be  adjusted  so  that  the  result- 
ing signal  is  proportional  to  either  /( ' or  X"  independently.  Such  methods 
are  described  by  Bake  (P-3)  and  Bloembergen  (B-2,  B-3),  and  vill  not  be  considered 
further  here. 

The  method  used  in  this  research  is  that  first  developed  by  Pound  and 
Knight  (P-5)-  In  their  radiofrequency  spectrometer  the  sample  is  placed  in 
the  coil  of  the  tank  circuit  of  an  oscillator.  The  oscillation  level  is  kept 
very  lov  and  under  this  condition  it  becomes  very  sensitive  to  changes  in  the 
conductance  of  the  tank  circuit.  The  frequency  of  the  oscillator  is  varied  by 
changing  the  capacitance  of  the  tank  circuit.  The  strong  magnetic  field  is 
modulated  in  the  same  manner  as  vas  previously  mentioned,  so  the  Larmor  frequency 
of  the  sample  nuclei  is  swept  back  and  forth  through  the  electrical  resonance 
frequency  of  the  oscillator.  This  yields  a periodic  variation  of  the  oscillation 

"y  // 

level,  vhich  under  ordinary  conditions  is  determined  only  by  /( 

6.  The  oscillator  as  a detector.  The  oscillator  is  now  serving  in  a 
dual  capacity,  as  a pover  source  for  the  radiation  field  and  also  as  a detector 
of  nuclear  magnetic  resonance  absorption.  A fairly  detailed  treatment  of  its 
operation  is  thus  required,  and  for  this  treatment  ve  vill  follov  Watkins' 


V 
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analysis  of  tha  circuits  (V>l).  The  basic  circuit  of  the  oscillator  is  given 
belov : 


The  operation  of  the  oscillator  can  be  described  qualitatively  as 
follows.  An  oscillating  voltage  present  at  Gt  vill  produce  an  oscillating 
voltage  across  by  controlling  the  current  through  the  first  half  of  the 

oscillator  tube.  The  voltage  at  K vill  be  in  phase  vith  the  applied  voltage 
at  G,  . Since  the  cathode  is  common  to  both  halves  of  the  tube,  and  Gz 
is  kept  at  ground  potential,  the  voltage  at  P%  vill  also  be  in  phase  vith  G, 
as  shown  by  the  vaveforms.  Thus  the  voltage  fed  back  through  r vill  be  in 
phase  vith  the  voltage  already  present  at  G,  and  vill  sustain  the  oscillations 
By  proper  adjustment  of  r and  , the  feedback  is  made  Just  sufficient  to 
maintain  the  oscillations  at  a very  lov  level. 

In  order  to  give  a quantitative  description  of  the  operation  of  this 
circuit,  it  vill  first  be  necessary  to  transform  it  into  its  equivalent 


constant  currant  generator  circuit.  This  has  been  done  Is  two  steps, 


i — ffr)  = the  equivalent  constant-current  generator 
for  the  second  half  of  the  oscillator  tube. 
fp  — the  internal  plate  resistance  of  the  second  half 
of  the  tube,  a characteristic  of  the  tube  only. 


R'  = 

nL 


Ru 


r + R> 


R3  — the  equivalent  shunt  resistance  of  the  tuned  circuit. 

Figure  J. 

Figure  7 (a)  is  the  equivalent  circuit  of  the  oscillator  as  it  appears  from 
/g  . We  have  already  pointed  out  that  the  current  through  the  second  half 
of  the  tube  will  be  determined  by  the  potential  /V"  , applied  to  Q . It 
is  very  difficult  to  determine  an  explicit  relationship  for  i because  of 
the  complicated  nature  of  the  circuit.  We  shall  later  assume  that  it  may  be 
represented  as  a power  series  in  sir 

In  Figure  7 (b),  the  equivalent  circuit  has  been  further  simplified 


•/ 

by  replacing  the  original  current  generator  4 by  another  generator  £ applied 
directly  across  the  tuned  circuit.  The  relation  between  o and  I has  then 
been  determined  by  adjusting  the  value  of  4 so  that  it  produces  the  same 
current  through  the  tuned  circuit  as  that  produced  by  i in  Figure  7 (a). 


The  differential  equation  for  the  oscillator  circuit  can  now  be 
written  in  terns  of  the  circuit  of  Figure  7(b).  Vfe  will  express  this  equation 
in  terns  of  the  total  current  flowing  out  of  the  point  P , which  nust  of  course 
be  zero.  Thus; 

(6-l)  ic  +■  Lg>  + — i '=*0 

or 

(6_2)  fu)  - O 

Now  let  us  expand  C - fCv)  as  a power  series  in  /v. 

(6-3)  f(*r)  - f + fra*** 


and  use  the  following  substitutions  to  simplify  equation  (6-2); 
(a)  XzzfrrcLt 


(d)  " % 


(•>-£* 


a ? Pl 


(6-k)  (b) 

b 

Equation  (6-2)  now  becomes: 

(6-5)  X + K,  X + - K3x- =0 


C(r*&C) 


In  the  presence  of  resonance  absorption  by  the  sample,  the  shunt 
conductance  (j  - J~  , will  change.  Since  we  are  modulating  the  field  at  a 
low  frequency,  the  variation  in  G will  be  periodic  at  the  modulation  fre- 
quency. Let  us  assume  that  this  variation  will  be  sinusoidal.  For  broad  lines 
and  a modulation  amplitude  appreciably  less  than  the  line  width  this  assumption 
will  be  approximately  correct.  Then: 


(6-6)  G'ft)—(p  + A & ros  1/0 


36 


AG  will  now  have  not  the  value  given  by  equation  (5-5),  but  some  smaller 
value,  actually  one-half  the  peak-to-peak  variation  in  G over  one  cycle  of 
the  modulation  frequency.  Insertion  of  this  result  into  equation  (6-5)  gives 
us  the  final  form  for  the  differential  equation: 

(6-7)  X+K,(l+  $Cos  uij)x  +u%X-  /£**-/$**- = o 


Watkins  assumes  that  the  solution  will  be  of  the  form: 

(6-8)  X =■  + a.  cos(cojr  - <f>)\  cos  u>t 


where  b , A,  and  <p  are  constants  to  be  evaluated  in  terms  of  the  experimental 
conditions.  The  actual  solution  of  the  equation  and  the  evaluation  of  the 
constants  are  quite  tedious,  so  we  will  give  only  the  final  result,  as  determined 
by  Watkins.  He  finds  that  the  solution  (equation  (6-8))  is  not  rigorously 
correct  but  will  be  highly  accurate  approximation  for  the  usual  conditions  of 
small  modulation  amplitude  and  low  oscillation  levels.  Therefore  the  voltage 
across  the  tuned  circuit,  considering  that  (A>n,/u>r«l  , can  be  written  as: 


(6 


•9a)  V=  X-=  [£j  + AEj  Tin  *>r 


(6-9b)  where  ^ ^ 

(6-9c)  A = $ 

(6-9d)  / = tl*'1  4^) 


and  a % 

(6-9«)  A CO  =r  Eq 

d 

We  have  simplified  these  expressions  by  including  in  the  constant  factors  A, 
and  A%  the  values  of  the  circuit  elements  and  the  coefficients  from  the  power 
series  expansion  for  fGr) , since  these  terms  are  held  constant  at  least  during 
the  course  of  an  experimental  run. 
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In4 the  equations  (6-9),  Ej  is  one-half  the  peak  radiofrequency 
voltage  across  the  tuned  circuit  when  , the  electrical  resonance 
frequency,  is  unequal  to  u)0  , the  Larmor  frequency.  It  can  be  seen  from 
equation  (6-9b)  to  be  a function  of  the  oscillator  frequency,  and  can  thus 
be  expected  to  vary  as  the  oscillator  frequency  is  swept  through  the  Larmor 
frequency.  This  effect  can  be  at  least  partially  compensated  by  a method 
which  will  be  described  in  Part  III.  Ve  will  assume  for  the  present  that 

A. 

E <j  is  constant  over  the  range  of  frequencies  within  which  resonance  absorp- 
tion takes  place.  For  a particular  run,  the  rf  amplitude  will  be  determined 
by  adjustment  of  the  proper  controls. 

A represents  the  amplitude  of  the  modulation  which  is  superimposed 
on  the  rf  amplitude  by  the  presence  of  nuclear  resonance  absorption.  It  will 
thus  vary  at  the  same  frequency  as  the  field  modulation,  and  is  proportional 
to  > aa  we  should  expect.  Equation  (6-9c)  shows  that  it  is  also  affected 

by  any  variations  in  E^  and  ^ . We  have  previously  assumed  that,  exclud- 

ing possible  effects  caused  by  resonance  absorption,  E^  will  be  constant, 
and  from  equation  (6-9e);  $ will  also  be  constant  over  the  frequency  range 

/N 

covered  by  the  absorption  line.  However,  should  Ej  vary  appreciably  as  the 
line  is  traversed,  A£j  will  no  longer  be  a faithful  reproduction  of  the  line 
shape  as  measured  by  . Such  a situation  is  theoretically  possible  if  the 

absorption  line  being  measured  is  particularly  strong  compared  to  the  average 
rf  voltage  Ej  . 

The  angle  ^ represents  a particularly  important  and  interesting 
phenomenon  from  the  standpoint  of  experimental  technique.  It  shows  that  the 
amplitude  modulation  produced  by  the  sample  is  not  necessarily  in  phase  with 
the  applied  field  modulation.  In  general  there  is  a phase  lag,  0<$  $ 

A. 

which  is  determined  by  the  oscillation  level,  Be  (equations  (6-9d  and  e). 
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Thus  the  phase -sensitive  detector  (discussed  in  Part  III),  which  oust  be 
adjusted  to  the  phase  of  the  absorption- induced  modulation,  must  be  readjusted 
for  each  new  set  of  experimental  conditions.  Furthermore,  any  change  in  <f> 
during  the  course  of  a run  will  produce  distortion  in  the  line  shape  both  by 
its  effect  on  (equation  (6-9c))  and  its  effect  on  the  adjustment  of  the 

phase-sensitive  detector. 

We  may  summarize  the  remainder  of  Watkins  conclusions  as  follows. 

The  sensitivity  of  the  oscillator  as  a detector  of  resonance  absorption  will 
be  decreased  from  its  optimum  value  by  high  oscillation  levels  which  reduce 
the  ratio  of  ^ /Zl <-?  (equation  (6-9c)).  On  the  other  hand  very  low 

oscillation  levels  will  reduce  A U)  , resulting  again  in  lowered  sensitivity 
(by  decreasing  Cosf  ) and  in  phase  shifts  which  will  distort  the  line  shape. 
Except  for  these  extreme  cases  the  sensitivity  of  the  oscillator  is  quite  good; 
therefore  the  signal- to-noise  ratio  obtainable  in  this  apparatus  will  be  deter- 
mined by  the  oscillator  circuit  alone. 

C.  Width  and  Fine  Structure  of  the  Absorption  Line . 

1.  General.  The  width  of  the  absorption  line  produced  by  an  isolated 
nucleus  in  a magnetic  field  is  very  small,  being  determined  by  the  ratio  ^‘/no 
which  is  usually  less  than  lO-1*.  However,  this  natural  width  is  usually 
masked  by  other  factors  leading  to  line  broadening.  In  the  samples  studied 
in  this  investigation  only  two  such  source's  are  encountered  under  ordinary 
conditions:  field  inhomogeneity  and  spin-spin  interactions.  The  spin-spin 

interactions  predominate  when  they  are  present. 

In  the  majority  of  solids,  the  nuclei  are  fixed  in  space,  especially 
at  low  temperatures  when  the  thermal  energies  are  small.  Under  such  condi- 
tions the  field  produced  at  one  nucleus  by  the  magnetic  moments  of  neighbor- 
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lag  nuclei  will  be  maximized.  These  local  fields  will  add  to  the  externally 
applied  field,  dispersing  the  total  field  by  amounts  which  depend  on  the 
nuclear  configuration.  The  observed  line  shapes  will  thus  be  quite  broad. 

If  the  nuclei  are  in  motion,  the  local  fields  will  be  reduced  because  they 
will  at  least  partially  average  out  over  a given  period  of  time.  The  extreme 
case  of  nuclear  motion  will  of  course  be  that  for  which  the  sample  is  a liquid 

* 

or  a gas,  in  which  the  thermal  motion  of  the  molecules  is  very  rapid  and  com- 
pletely random.  The  line  width  obtained  from  such  samples  will  be  determined 
solely  by  field  lnhomogeneity,  all  spin-spin  interactions  averaging  out  over 
the  period  of  one  cycle  of  the  applied  radiation  field.  However,  there  is  also 
an  intermediate  case  which  normally  occurs  only  in  solids.  Although  transla- 
tional motion  is  prohibited,  there  is  the  possibility  that  the  nuclei  may  move 
about  a fixed  point.  Such  motion  includes  rotation,  of  the  whole  molecule  or 
of  a particular  group  about  a bond,  tunneling,  or  rotational  oscillation.  In 
such  cases,  the  local  field  will  frequently  be  reduced  from  that  expected  for 
a completely  rigid  configuration,  but  it  will  not  necessarily  average  out  to 
zero.  The  observed  line  shape  and  width  will  then  be  intermediate  between 
that  obtained  from  a rigid  configuration  and  the  narrow  line  obtained  from 
liquids.  It  is  interesting  to  note  that  the  frequency  of  such  motion  need  not 
be  very  great  to  produce  changes  in  the  line  shape.  Bloembergen  (B-2,  B-3) 
states  that  the  line  width  will  be  affected  by  motion  of  a frequency  v>  for 
which  hv  is  of  the  same  magnitude  as  the  splitting  of  the  energy  levels  which 
is  produced  by  spin-spin  interactions.  Since  the  splitting  is  usually  of  the 
order  of  10  to  20  guass  at  the  moBt,  the  frequency  of  motion  required  to  cause 
changes  in  the  line  shape  is  usually  less  than  80  Kc. 

The  observed  shape  and  width  of  the  absorption  line  will  depend  on  the 
nuclear  configuration.  For  the  simple  cases  of  two  or  three  nuclei  which  are 
relatively  isolated  from  the  other  magnetically  active  nuclei,  the  line  shape 
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■ay  exhibit  fine  structure ; and  the  fine  structure  may  give  considerable 
inf oraat ion  about  the  internuclear  distances  and  orientations.  However,  more 
complex  arrangements  of  the  nuclei  will  not  show  fine  structure.  Furthermore, 
the  existence  of  fine  structure  may  be  masked  by  the  comulative  effect  of  sore 
distant  nuclei.  It  is  then  necessary  to  resort  to  the  quantity  known  as  the 
second  moment  in  order  to  compare  the  experimentally  observed  lines  with  those 
predicted  by  theory.  The  theoretical  second  moment  can  be  rigorously  calculated 
from  an  expression  derived  by  Van  Vleck,  which  will  be  presented  in  the  next 
section. 


In  this  investigation  we  have  been  dealing  primarily  with  the  protons 
in  methyl  groups,  which  form  a triangular  configuration.  The  remainder  of 
part  C will  be  devoted  to  the  derivation  of  the  line  shapes  and  second  moments 
to  be  expected  from  such  a configuration,  both  for  rigid  crystalline  lattices 
and  for  configurations  involving  certain  specific  types  of  motior . 

2.  The  second  moment.  The  second  moment  of  an  absorption  line  is 
defined  as; 


. .2 

(2-1)  (£Va)  = — . 

J 

where  V0  is  the  resonant  frequency  (Larmor  frequency)  for  the  external 
magnetic  field,  and  dfy)  is  a shape  function  describing  the  line.  The  second 
moment  therefore  represents  a weighted  average  over  the  line  shape. 

The  expression  given  above  is  that  appropriate  to  the  experimental 
technique  of  using  a fixed  magnetic  field  and  a varying  radiation  frequency. 
However,  most  published  work  on  line  shapes  has  been  done  using  a fixed  radio- 
frequency and  a varying  magnetic  field.  Since  the  resonant  frequency  is 
llaearly  proportional  to  the  external  field,  the  results  obtained  by  one  tech- 
nique can  easily  be  expressed  in  terms  of  the  other  through  use  of  the  rela- 


tion — 


The  second  moment  is  then  expressed  as: 
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(2-2)  (A  Hz) 


O0 

. o<> 

JfOtiH 


The  second  moment  of  an  experimentally  observed  line  can  readily 
be  determined  by  graphical  integration.  The  experimentally  recorded  curves 
give  the  first  derivative  of  the  absorption  line,  in  terms  of  which  the  second 
moment -can  be  written  (G-l): 

2-3  (A  * ~ /jrfWjmH  3 

The  values  to  be  reported  here  were  computed  by  the  ubc  of  Simpson's  rule,  and 
were  determined  separately  over  the  two  halves  of  the  line  as  a check  on  the 
accuracy  of  the  results. 

The  experimental  second  moments  can  be  checked  against  theoretically 
computed  values  which  are  obtainable  from  a formula  of  Van  Vleck  (V-l). 

His  expression  is: 


(2J0  jST 

+ i CXf  *0j;  -trh 


I2  r -i 

If 


where : 


(2-5)  (av£= 


In  these  equations,  X" and  cj  are  the  nuclear  spin  and  gyromagnetic  ratio 
for  the  nuclei  which  are  at  resonance;  Xf  and  jy  are  the  nuclear  spin  and 
gyromagnetic  ratio  for  other  magnetically  significant  nuclei  in  the  sample; 

and  Q y are  the  internuclear  distance  between  nuclei  a,  and  (o  and  the 
angle  between  this  internuclear  direction  and  the  external  field.  f\J  is 
the  number  of  nuclei  at  resonance  in  the  molecule  or  subgroup  to  which  the 
spin-spin  interactions  are  considered  to  be  confined.  Ve  are  considering  the 
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protons  in  methyl  groups,  and  as  approximations  we  shall  consider  that  there 
Is  no  interaction  between  protons  of  different  groups  or  between  protons  and 
other  magnetically  active  nuclei  in  the  sample.  Thus  we  are  considering  an 
isolated  methyl  group,  for  which  i<j*5’-585’ , , and^//0  OWxio~2^ 

erg/gauss.  Equation  (2-4-)  now  becomes; 

(2-6)  (a = s ? S’  £.  teccs’e,:  -fn  :k 

i>j  j j 

where  Kcj  ia  now  given  in  fingstrom  units. 

Equation  (2-6)  may  now  be  used  to  calculate  a theoretical  second 

moment  for  any  assumed  configuration  of  the  methyl  group.  The  aagle  factor 

permits  the  determination  of  the  molecular  orientation  in  single  crystals, 

or  it  may  be  averaged  for  crystal  powders.  However,  its  chief  importance  in 

this  Investigation  is  that  it  permits  the  determination  of  motion  of  the  methyl 

groups,  such  motion  usually  causing  a decrease  in  the  theoretical  second  moment 

when  the  angle  factor  is  properly  averaged  over  the  motion. 

3-  Fine  structure  for  a triangular  configuration  of  nuclei  - quantum- 

mechanical  treatment.  The  Hamiltonian  operator  for  a system  of  three  identical 

nuclei  is  (A-l) ; 

$ 
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where ; 


(3-2)  /?,y  * (3  eCj  -i) 

j 


. ~1. j;  is  the  spin  operator  for  the  <j  -component  of  the  £th  spin;  Xu  ®»d  3-~j 
are  total  spin  operators;  and  6L*  is  the  angle  between  rj-  , the  vector 

v —*J 

connecting  nuclei  i and  j , and  the  external  field  H0  , along  the  J -axis. 
We  may  treat  this  problem  by  perturbation  theory,  considering  the  spin- spin 


interaction  term  as  a perturbation.  The  wave  functions  for  the  unperturbed 


energy  levels  will  then  be  separable  into  products  of  three  functions , each  of 
vhich  is  a function  containing  the  variables  for  only  one  of  the  spins.  For 


nuclei  of  spin  the  <j  -component  of  the  spin  may  have  only  two  values.  We 
shall  designate  the  two  possible  wave  functions  o((i)  and  ^(c)  > where  the  follow- 

JZ V 

3T,t t (?r«  x jk  = - k*a) 


ing  operators  rules  apply. 

of(k)  sr  o<(k) 

(3-3)  ^xk°<Ck) 


The  unperturbed  energy  levels  are  then  found  from: 
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(3-4) 

Therefore : 


%/°t°  = = e: 


0-5)  ^ 


and  the  eigenfunctions  are; 


(3-6) 


y*-=.ya 


- v'COotfs'io'd) 
(if* )*ai(t)at(2)Q(i) 
<£)  =<*(<)  (?fe)  <*{*) 


with  a siailar  set  for  ^ e and  >vi  - - %• 

Application  of  the  perturbation  leads  to  the  following  matrix  for 


the  elements 


t™-  hi 

f-  Yu  (4,i  +Ai3 +Aj3) 

O O 

o 

/ 0 

^ ) hi 

/sAij 

* 

»i 

± 

° 

fcAzi  /kfat-An+A*,) 

hiA/s 

\ 0 

%(A,3tA,3-A. 

The  matrix  for  ws-/;  and  is  identical.  The  perturbation  energies  are 


kk 


obtained  by  solving  the  secular  equation  of  the  matrix;  they  are  found  to 
be: 

* 

(3'8)  rr*  _ „ 

~ 0/ 

where : 


X s (Am  Ay 


(3-9) 


y& 


tj  - Afp?  (A, * + A,*  +A2 *)  — A (Am  Am  ■+ A, 3 A g?  + A,f  Ag?jJ 

The  wave  functions  ^ for  the  perturbed  energy  levels  can  also  be  evaluated, 


and  are  expressed  as: 

*=  % k^o/G)  *(2)^(3) 


(3‘10)  * = (%,)  - - Kj  *QotC*)  (3Cl)  + K?j  *(')  $(2)^)  +*3jp»othU(3) 


where 


(3-11) 


I f _ A A(g  -Ai^YAt^-Aa 3)  ~ 2A/3  (E±/g)j 


•J 


t,  _ (A^'A^XAhs  ~A,g)  — 2 Aig(Biys): 

t<2‘.  ~ ~ t/ 


'J 


Mi 


/s  _ (Am  -Amf  ~b  A- : -f  (£*&); 

*V  - H *] 

/fj  is  a normalization  factor  determined  fron  the  fact  that  2T - — / ; 

and  (E+fo). is  given  by  the  values  of  equation  (3-8) 

U‘ 


0 

The  transition  probabilities  are  proportional  to/I  7H 


where 


Figure  8 illustrates  the  energy  levels  and  the  allowed  transi- 
ts’/ 

tions  for  this  three-spin  system,  as  determined  from  the  relations  given 


r 


above . 
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Figure  8. 

This  energy  level  diagram  is  identical  with  that  given  by  Andrew 
and  Bersohn  (A-l).  We  can  see  that  the  single  resonance  line  expected  for  an 
isolated  nuclear  spin  will  be  split  into  a central  line  and  three  pairs  of 
subsidiary  lines  which  will  appear  at  frequency  spacings  from  the  central  cols' 
ponent  given  by  A » sr  . The  equivalent  spacings  in  gauss  for  the  fixed- 
frequency- variable -fie  Id  technique  are  given  in  Table  1,  along  with  the  nor- 
malized transition  probabilities  for  each  pair  of  fine  structure  components. 


Probabi  lity 

c 

S 

?!t([  ~ji) 

Mi+f) 

■£  3S^ 

yt o-f) 

Table  I. 
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Mow  let  us  assume  that  the  triangle  foraed  by  the  nuclei  la  equilateral, 
as  Is  the  case  for  a methyl  group.  The  intemuclear  distances  are  then 

Identical.  If  we  call  this  distance  R , and  make  the  further  substitution 
otyusjge  (from  the  standard  definition  ot^s^t)  and  we  may  empress 

X and  (J  as : 

>?*«[$*•'*/>-]}  M 
(3-12)  j syb^jjXfcos'fyj)*  - & (cc:'6ix  o,'Q^tCos'^c*s'*l,  * «*‘$s  ™'*u) 

For  a given  value  of  R , the  values  of  X and  J are  seen  to  be  functions 
of  the  Cos'Qij  only.  For  single  crystals  these  angle  functions  will  vary  with 
the  orientation  of  the  crystal  in  the  field.  For  rigid  groups  In  poly- 
crystalline material  they  must  be  averaged  over  all  possible  orientations,  and 
for  non-rigid  groups  they  must  be  averaged  over  the  motion. 

k.  The  line  shape  and  second  moment  for  a rigid  equilateral  triangle. 

Ve  wish  to  determine  the  line  shape  and  second  moment  for  a rigid  nuclear 
configuration,  both  for  a single  crystal  and  for  a polycrystalline  material. 

This  may  be  done  directly  from  equations  (3-12)  and  (2-6)  in  terms  of  the 
functions  Coi’Qci  . However,  it  is  convenient  to  use  the  single  angle 


■zM) 


r 


Figure  9* 


13. 


1 


^7 


between  the  normal  to  the  triangle  plane  and  the  strong  fi*lJ  , instead  of  the 
three  angles  @ij  . Let  us  choose  a coordinate  system  such  that  the 

nuclear  triangle  lies  in  the  Xf~ Yf  plane  with  its  center  at  the  origin.  The 
noraal  to  the  triangle  then  lies  along  . We  will  further  choose  the  Yf 

axis  so  that  the  strong  field  direction  lies  in  the  plana.  This  is  illns 

trated  in  Figure  9.  The  vector  7^  extends  from  the  origin  to  the  nucleus  l< 
Its  magnitude,  in  terms  of  the  internuclear  distance  R is  equal  to  1^2/3  . 

If  we  consider  that  lies  along  the  20  -axis  of  a new  coordinate 

system  y.-y,-z  , we  may  consider  the  transformation  from  the  system 

to  the  new  system  as  a rotation  about  the  Xf  axis  through  the  angle  4*  • 
Let  us  call  the  unit  vectors  along  the  X > % * and  2t  axes  ^ , 4a  * 
and  , respectively.  Similarly,  #c/  , Uoz  , and  lYaj  are  the  unit 

vectors  along  V0  , Yc  , and  . Then  the  relations  between  the  two  sets 


of  unit  vectors  are  expressed  in  terms  of  a matrix 


[Ml, 


where : 


(*-l)  irtl  = I <3  cos  4 -smf\ 
0 y m P cos  PI 


and  the  matrix  elements  are  determined  by: 


(*-2) 


u°k  ~ R 11  u 


■>  Hu’**-* 


ok  ■ “it 


The  vectors  have  the  form 


(^-3) 


nj  = (yj  -*c)%  t 


where 


(k-k) 


*k  * V “ f 


In  terms  of  the  above  relations,  the  functions  cos^-are  expressed  as: 
(*-5)  cos  6^  Ifl  - i ir  _ Cjrp  rin  f 


I? 


IP 


■ 


Evaluation  of  the  components  from  geometrical  conaiderationa  la  Figaro  9 

looio  to  tho  follow lag  act  of  equatlona: 

cos  Olg  s sin  ^ (sin  X cos  Is) 

(fc-6)  cos  G23  * S'/*  f sin  X 

cos  <93i  =r  sin  ‘/'(’sin  X~i3  cost) 

whore  Y la  the  angle  giving  tho  ailauth  of  fck  about  Yt  . fhoao  any 
mo m bo  aubatituted  la  equation  (3-12),  la  which  caao  X and  if  roduco  tot 
XyttotXYz  ~ V*  cox*p) 

{'-7)  uyucttyTiSfSTm't+i 1* 

Similarly,  tho  expreaslon  dofinlng  tho  aoeoad  aonent  (aquation  (2-6))  boeoaoat 


(M)  (A^f  = f+a  f 


attss 


Iquatloaa  (h-7)  and  (h-8)  show  that  tho  lino  a ha pa  and  aacond  aoaant  for  am 
laolatad  nuclaar  trlangla  will  vary  markedly  with  tha  orientation  of  tha 
triangle  la  a aagaatlc  field.  Thua  atndlea  of  alngla  crystals  ahould  lead 
to  tho  dotoralaatlon  of  nolecular  orlontatlona  aa  wall  aa  tha  lateruaelear 
dlataaoea,  unlaaa  tha  fine  atructure  of  tha  abaorptlon  line  la  aaakod  by  tha 
effeota  of  lntaraolocular  broadening. 

Va  ahall  be  concerned  with  polycryatalllna  aateriala  in  which  tho 
orientation  of  tha  cryatal  graina  la  dlatribntod  anlforaly  over  all  dlrootiona. 
Vo  anat  thorafora  average  over  for  each  of  tho  coaponant  llnaa  and  alao 
la  tho  aoeoad  aonant  expression.  Tha  fraction  of  groupe  for  which  f*  llaa 
la  tha  raaga  la  finM  or  J ('  cost').  Jot  a alngla  cryatal  line  coapoaeat 
/iH  , haring  probability  (Table  1),  tha  powder  line  ahapa  la  given  byr 

C-»  F(A  0-f>C4) 


*9 

yV^and  cost  nay  be  expressed  in  terns  of  AH  through  the  use  of  equations 
(4-7)  and  the  last  two  colunns  of  Table  1,  and  FfaH)  nay  then  be  evaluated 
for  each  conponent  line.  This  has  been  done  by  Andrew  and  Bersohn  (A-l),  but 
the  expressions  they  give  are  not  in  a convenient  forn.  A slightly  different 
choice  of  substitutions  leads  to  the  following  set  of  functions. 

(a)  The  conponent  line  at  AHsO  remains  unchanged. 

(b)  The  conponent  line  at  AH' ^ gives: 

<**“■)  F'M)  = ~J!;(£i+gO*  > oC>AH 


(lt-10b)  F (tH)  = JAiiL 


where 


<*-U)  %=  [l  (*&-$* 


The  dual  set  of  functions  with  different  sets  of  limits  results  from  the 
fact  that  the  single  crystal  line  conponent  has  double  values  in  the  range 

(c)  For  the  line  component  AH  - 
(4-12)  fcC AH)  - _Isl 


where 


— c*  < 


\/a 


aH<  (R±l), 


0-13)  Xz=[3(g)a  + &(g)+t 7 

(d)  For  the  line  component  AH  — 


% 


(4-14) 
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(»-i5)  r‘+l~ a <ah<-(HL=3.)^ 

/2c*  ffj 

where  (f^>  is  given  by  equation  (4-13),  and: 

(1.-16) 

(e)  The  functions  for  the  line  components  AH  - 
— ('ix-^l/2/*  , are  obtained  from  the  above  results  by  replacing  AH  1=/  -AH 
in  the  equations  above.  Each  line  component  has  a symmetrical  counterpart 
and  the  overall  line  shape  is  symmetrical  about  the  unperturbed  resonance  point. 

The  overall  line  shape  is  obtained  by  taking  the  sum  of  all  the  compo- 
nent lines.  The  actual  spacings  between  the  peaks  of  the  component  lines  will 
depend  on  the  internuclear  distance  /9  because  of  its  effect  on  ot  . There- 
fore it  is  convenient  to  plot  a(F(AH)  vs.  m.  We  then  obtain  a "universal" 
line  shape  which  is  valid  for  any  value  of  $ . This  shape  is  shown  in 


Jigure  10 


f 
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The  second  moment  for  a polycrystalline  material  is  obtained  by  averag- 
ing over  the  function  of  ^ in  brackets  in  equation  (4-8).  Thus: 

— — fp'her-e  n 

(4-17)  - ifffitiSt-lsiW+ijrinM*  +/f 

© 

Substituting  this  result  into  equation  (4-8)  we  obtain: 

(4-18)  < Jauss* 

5.  The  effects  of  motion  - general  relationships.  In  the  previous 
section,  we  have  considered  that  the  nuclei  are  fixed  in  space.  However,  this 


assumption  may  not  be  valid.  We  must  now  consider  the  effect  of  motion  of  the 


>5  _ 

nuclei,  which  will  affect  the  functions  % in  equation  (2-6)  for  the  second 

u 

moment  and  equations  (3-12)  for  V and  Lf  . In  this  section  we  shall  derive 


expressions  for  ce?Q.. which  may  be  used  to  introduce  the  effects  of  motions. 


I 


Figure  11. 


--  <C 


52 


l,' 


Let  us  consider  Figure  11.  Once  again  ve  choose  the  axis  to  be 
along  the  normal  to  the  triangle  plane  so  that  the  nuclei  lie  In  the  Y^'Y^ 
plane  with  the  center  of  the  triangle  at  the  origin.  The  directions  of  ^ 
and  Yt  iu  their  plane  vlll  be  determined  later.  However,  as  before 
is  the  angle  between  Yt  an<*  t5ie  v*ctor  7^,  . is  the  axis  about  which 

rotation  takes  place  and  nay  have  any  orientation  with  respect  to  2^  and 
(the  external  field  direction). 

The  vectors  r^y  are  deteralned  by  the  saae  relations  as  before 


(equations  (k-3)  and  k-k) ) , and  ccsfyj  is  given  by: 

— * 

(5-1)  COJ  ft.  - TV 

J I? 


We  aust  now  find  the  relations 
* 


where  is  the  unit  vector  along 

* 

between  the  sets  of  unit  vectors  and  . This  will  be  done  as  be- 

fore in  teras  of  a aatrlx  transformation,  this  time  Involving  four  sets  of 
transformations,  as  follows: 

(a)  A rotation  through  the  angle  o(.  about  the  space-fixed  axis 
to  bring  the  axis  Xa  (along  the  axis  of  the  saaple  coil)  to  a new  position 
Xg^  which  is  perpendicular  to  both  and  . 

V ' YAUc  A*-  * V fa 


o o I 

(b)  A rotation  through  the  angle 
into  coincidence  with  . 


W ^ 4 


./ 


ffml  = fa’fa 


53 


(5-5)  [S]  =r 


/ 

0 


o 

*■"!  n 

cos  ^ J 


o 

coy  ^ 

L 0 - r//i  « 

'-j  V . 

(c)  Rotation  through  angle  about  the  axis  2^,  > to  bring  into 


(5-6)  Uy  = fT  ; Cm  " Cm 

w me/ 


(5-7)  f<r]  - 


O 


ti*(3 

Coy(? 

0 


0 

0 

l 


Y, 


(d)  Rotation  through  angle  £ about  Yy  to  bring  into  coinci- 


■Yl 


(5-*),  (5-6),  and  (5-8). 

- - - <». 

and  the  aatrix  [S  J - L‘Dj[C'J[ffJ  LA  . Thus : 


Ehk*i£HDr'C,n%,/\ 


Ik 


(5 


ces4c«*(^-iM«  fin«cnp+t;*s;np,.n  tin  f sin  ^ 

Tint  SMI  ti*n  cose(co,«* esfcni-sinfStoQ)  COit 


“ cose  (cot  * s>nf}  **n*  <• <«,  ^ — rtn  e cosot  s<n  rj 

tm  e (cor«  sirf  * rm«  <«(3  <„  V)  3/„  f cot^cotfcntr,)  w , 

+ t « t sinat  r<n  i7 


eos^tlnlj 


+ SW*  COS 


~ c*f  e eat  at  sin  bj 


COJ/j 

— fin  * cot  $ Sin  ij 


Vith  the  aid  of  the  matrix  and  equation  (4-3),  equation  (2-1)  now  becomes j 
(5-12) 

The  factors  and  nay  be  determined  from  equation  (4-4)  in  terms  of 
the  angle  }{  , leading  finally  to  the  following  set  of  equations. 

cos  €}%  ~ £ ^(cosi  - /?  sin  t)  sin  (?  sin  fj  - (sin  % rfl  cos$YreS  koij 3 s in  7 +sin  * 

(5-13)  cosGjf  — Sin(  (cvst  cosp  tin  ij  +sirje  cosrj)  — sos(  sin  ft  sin  7 

cosQp!  sin  t)  S>’n  £ sin  7 - (sinf-lf  rot  * e°s  f 5m  ? + r/rt  * H )} 

Both  the  second  moment  expression  and  the  equations  for  X and  Ij 
involve  . Therefore  the  effect  of  motion  on  these  quantities  is 

determined  by  averaging  Cos*&(‘  over  the  type  of  motion  postulated.  We  shall 

J 

do  this  for  several  cases  in  the  following  section. 

6.  The  effects  of  motion  - specific  cases. 

Case  I.  We  shall  consider  first  the  cage  of  the  nuclear  triangle 
rotating  about  some  axis  other  than  its  normal.  Such  a situation  could 
occur  for  a molecule  like  CH^SiCl^  rotating  about  any  axis  through  its 
center  of  mass.  This  corresponds  to  a rotation  about  the  axis  2^-  in  Figures 
11  and  14,  and  thus  means  that  the  angle  is  a function  of  time.  We  there- 
fore express  G as  |90  rto^  , and  average  the  functions  coS7&cj  over  t*  fjf . 

In  taking  this  average  we  need  only  to  know  that  ccr’j?  *- 1! , cos  (9  ^ 

w'O.  Equations  (5-13)  then  yield: 

cos7Qia  t=z  ^ £+ (/ - cos9q)  — sin *f  (/ -3*of9 qXl  +2cosa  ()  ~£f7  sin(<ostisin*tO‘‘3«JnJ 

(6-1)  ccsS6fif  =■  - 

SOS'*  <9 3 * - (l'Ces9>i)  - sin9€  C-‘3cos9n)(n’2cos*l[)  + f(3  sinfeosf  sin*(  0-’3c*Z*n)] 
From  equation  (3-12) 

xy'*[£j(co’%j)t-] 


(6-2) 
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and  we  obtain  from  equations  '6-1}  and  (6-2): 


Fro®  equation 


(6-1.)  -<  ^ CVS*  6* -0 

A'  . K ■ 


and  this  becomes: 


(6-5)  <AH.:> 


K' 


% co,  *nj  [j  ' r„i 


- i r / h <r  t 


ij 


It  should  be  remembered  that  in  equations  (6-3)  and  (6-5)  Y)  is  the 
angle  between  the  axis  of  rotation  and  the  direction  of  the  external  field, 
and  g is  the  angle  between  the  axis  of  rotation  and  the  normal  to  the  nuclear 
triangle.  For  any  particular  sample  e will  probably  have  only  one  value. 
However,  !j  will  vary  with  the  orientation  of  the  crystal  in  the  field  when 
a single  crystal  is  studied.  Thus  the  line  shape  obtained  from  a single 
crystal  will  be  highly  anisotropic  and  in  such  cases  both  the  molecular  orien- 
tation and  the  axis  of  rotation  can  be  determined  in  the  absence  of  excessive 
intermolecular  broadening. 

If  the  sample  is  a crystalline  powder  the  expected  line  shape  can  be 
predicted  by  averaging  over  all  possible  orientations  of  the  angle  YJ 
The  line  shape  will  then.  Openi  only  on  the  angle  C and  the  internuclear 
distance  t ~\  . The  lire  r ha functions  are  determined  ir.  a manner  similar 
to  that,  used  :r  section  •<  . /.  • 

(6-6)  ( f r'  - V'  J /_  n ’ 
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Since  f iia  constant  for  a particular  sample  ve  shall  define  the  functions 
of  G in  equations  (6-3)  as  follows: 

(%eoFe  -/?)  = Bt 


(6-7) 


X*? 

L* 


Si»  £ - 3 fin1  £ 


=a 


Then  from  the  probability  expressions  in  Table  1,  and  equations  (6-3),  (6-6), 
and  (6-7)  the  line  shape  functions  and  their  limits  become: 

(a)  The  component  for  A U *0  is  unchanged. 

(b)  The  component  A H~  18 

frW  ® Tkz  ['  ~ (£/]['  ' i(E) 


(6-8) 


■-/* 


lb 

— o'  < A H E*  c*c 


__  l* 


(6-9) 


(c)  For  the  component  A tt  - 

/ 


F^(ah)  - ^(3B)t£i)oC  [_/  + 


+ f m)! 

he,  l */] 


-As 


- (ILiEa)*  ^ a h<  (M  If*), 


(d)  For  the  component  AH- 

7* 


(6-10) 


F(AH)  = Zr7 7 17-  £7/%  — j 

< AH  < 
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r/z 


are 


(e)  The  line  components  A H - 
obtained  by  replacing  AH  "by  -AH  in  the  equations  above. 

In  general  there  will  still  be  a central  line  and  three  pairs  of 
subsidiary  lines.  The  line  separations  and  probabilities  will,  however,  vary 
markedly  with  the  angle  £ . There  seems  to  be  no  way  of  drawing  a "universal" 
line  shape  which  will  be  valid  for  all  values  of  € . However,  an  experimentally 
determined  curve  can  be  fitted  by  trial  and  error  methods  by  plotting  the  sum 
of  the  functions  F(6H),  in  equations  (6-8)  to  (6-10)  for  different  values  of  € . 


The  second  nonent  can  be  obtained  for  a crystalline  powder  by  averaging 


over  the  angle ^ in  equation  (6-5) . Thus: 

(6-11)  (/z  ~ % CoS*h)  = fa  J(#i'hcos'>n)  n*  *1  ' 'S 

0 

and 

(6-12)  < Sl"*e  -3si**e  + f]  J3USS  * 

Curves  shoving  the  effect  of  on  the  second  moment  are  given  in 
Figure  16.  They  are  symmetrical  about  € ~ as  one  night  expect,  there  being 

no  physical  difference  between  the  angle  € and (tO-e).  The  minimum  second 
nonent  occurs  when  ^ s f/4  . The  double- valued  nature  of  the  second  nonent 

function  can  cause  sone  ambiguity  in  determinations  of  the  angle  € , but  the 
ambiguity  should  be  resolvable  from  other  evidence. 


Figure  16 

Case  II.  A particularly  interesting  case  is  that  of  rotation  about 
the  normal  to  the  triangle.  It  corresponds  to  rotation  of  a methyl  group 


I 
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about  the  C-Z  bond,  where  Z is  the  atom  to  vhlch  the  methyl  group  is  attached. 
This  Is  actually  a special  of  the  one  just  discussed,  that  for  vhich  & ~ 0 . 
From  equations  (6-3)  and  (6-5)  we  find  that  when  O , 

(6- 13)  Y-J  cos*tx) 

(6-i4)  <^//  ?>  ~ cor*>\) 

Furtheraore,  consideration  of  the  probability  expressions  in  Table  1 shows 
that  the  line  components  AH-'t and;*  "3^*  vanish  leaving  only  the  central 
peak  AH-O , with  probability  •£,  and  a pair  of  lines  at  > «ach  with 

probability  For  a single  crystal  the  spacing  between  the  central  and  side 
peaks  will  vary  with  the  angle  , the  total  range  being  given  by: 

° ^ Yl  ^<?0° 

(6-15)  < 

~ Yo/  ^ Hz  AH  ^ oA 

The  line  shape  and  second  moment  for  a crystalline  powder  can  be 
found  from  the  previous  case.  From  equations  (6-7)  we  find  that  for  € s’  O , 
£^-£j?  = 2.  Thus  the  line  shape  is  determined  froa  equation  (6-9).  For  the 

= % 


component  AH  - 


(6-16) 


-j?*  < AH  < 

The  component  AH?  is  determined  as  usual  by  replacing  AH  by  - AH  in 

this  equation.  The  entire  line  shape  is  shown  in  Figure  17. 

The  second  moment,  as  determined  from  equation  (6-12),  is: 


(6 


-17)  < AH*>  = 2X($) 


Comparison  with  equation  (4-18)  shows  that  the  second  moment  is  reduced  by 
a factor  of  4 froa  that  expected  for  a rigid  configuration. 


- 2-1  O l Z 


(%) 

Figure  17 

Case  III.  We  shall  now  consider  the  effect  of  rotation  about 
and  ^ simultaneously,  corresponding  to  rotation  of  a methyl  group  about 
the  C-X  bond  and  simultaneous  rotation  of  the  whole  molecule  of  which  the 
methyl  group  is  a part. 

Equations  (6-1)  give  the  functions  Co],Qj  which  have  been  averaged 
over  a rotation  about  ? r . For  motion  about  ?-£•  we  must  average  these 
functions  over  a rotation  involving  the  angle  X . The  expressions  required 
sure  Cos  i ■*  sin S (f  = ^ , and  Sin  tfcos  tf'sO  . Thus: 

(6-18)  cos7  <3,^  ^ -s  COl'Oif'  ~ (-  cos^)  - £sin  0 - 7 c oja<«|) 


Then  from  equations  (6-2) 

(6-19) 


6o 


r 


and  from  equation  (6-1 1-) 

(6-ao)  < coSe-rJ 


The  usual  anisotropy  of  a single  crystal  remains.  The  line  shape  and 
second  moment  for  a crystalline  powder  are  determined  as  before  by  averaging 


over 


//  . Since  , the  line  shape  consists  only  of  the  components  at 

AH-0  (probability  = ■£)  and  at  AH  - ^ s ± ~~  (probability  * £ each). 
For  the  component  A H ~ yF 

(6-2D  fcah)  - fuzn  P~ 


- BoA  Bj  ^ aH  <*  ot 


where 

(6-22)  B3  - ^ ^ ' fe) 


The  component  AH~~y"  is  obtained  from  equation  (6-21)  by  replacing  A // 

by  -AHq  . The  line  shape  will  thus  be  similar  in  form  to  that  in  Figure  17. 

A "universal"  curve  could  be  obtained  by  plotting  ct  i=3  f(A  H)  vs. 

The  second  moment  can  be  obtained  from  equation  (6-20)  by  averaging 
£ 

Ok -7a  roi\)  over  a sphere.  This  has  been  done  in  equation  (6-11).  Introduc- 
ing this  result,  we  obtain: 

(«*) 

Curves  shoving  the  dependence  of  the  second  moment  on  € are  given  in  Figure 
18.  When  £■  * O the  second  moment  is  reduced  by  a factor  of  4 from  the  rigid 
lattice  value.  This  is  identical  with  the  result  of  Case  II,  as  it  should  be, 
since  the  physical  situation  corresponding  to  6 0 is  that  there  is  rotation 

only  about  the  C-X  bond.  When  the  second  moment  is  reduced  by  a 
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Figure  18 


factor  of  16  from  the  rigid  lattice  value.  Most  interesting  is  the  situation 
whe  n € -5^  V4  , one-half  the  tetrahedral  angle.  For  this  case,  the  second 
moment  vanishes,  and  the  line  shape  dxjuld  be  quite  narrow,  such  as  is  normally 
expected  from  liquid  samples. 

Case  17*  The  final  case  to  be  considered  is  that  of  rotational 
oscillation  of  the  methyl  group.  We  will  consider^,,  as  the  axis  of 
rotational  oscillation  in  analogy  to  the  previous  cases,  so  we  must  now 
replace^  by  @0  + ksintft  , where  K is  one-half  the  total  angular  amplitude 
of  oscillation.  The  functions  C039@ij  must  be  averaged  over  time  after 
this  substitution  has  been  made.  They  may  be  expressed  in  terms  of  Bessels 
functions  through  the  use  of  the  relations 


(6—21*) 


tr 

“T (n)  - JcosfaG- sm€)J6  *» 

17  J ° 

J Si  n sin  6)  of 6 'O 
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✓ 


Each  Co£®u^  then  takes  the  general  form* 

(6-25)  c OS9  - Pcj  Po^k’)  ^ Plj 

where  P;j  , , and  Qj  are  complicated  functions  of  the  other 

angles  of  the  system,  ( , 6 , k)  » and  ^2. 

The  energy  parameters  X and  n&y  now  be  determined  by  the 
substitution  of  the  relations  (6-25)  into  equations  (6-2),  and  the 
final  expressions  ares 

X ==/<v  J £C&  - % cos  cos  V -/te) 

+ 3/+{  T0Ck)  sin£>i  sinZ&cos  -J0^k)sin^sine  casjfo]] 

^ -Mol *( s-in4e  - 3sms€  -+  0 
d / + %>  sih  +y}  (rtsin+e  co**2g0  + cos*e)  T0g(fr) 

(6-26)  + ? ^n^cos^sm9e {(,-  3s,n *e)cos*fc+?} T/(k) 

+ sin  *rj  (}kcoSyy*)  s-in*€  (<j cos *e  +f)  cosX@0  T06?k) 

-t-  & sif]  r)  cos  (fkcas*tf-/ti)si'ne  cose  (fa sin 9e-i)  cosfi,  J/k) 

3-  9 sin  7 cos/j  sine  cose  (?-%?  s'/n^e  cosJPfi)  cos  fi,  ZGtiXtoJ 


Unfortunately  it  does  not  seem  to  be  possible  to  obtain  general  expressions 
for  the  line  shape  components  of  a crystal  powder.  However,  certain 
qualitative  conclusions  may  be  drawn.  For  such  a sample  the  single  crystal 
line  components  must  be  averaged  over  as  well  as  >1  , and  this  should 

lead  to  a dispersion  of  each  of  the  peaks  of  the  rigid  line  shape  shown 
in  Figure  10.  Thus  we  may  expect  to  find  less  evidence  of  fine  structure 
if  the  methyl  groups  are  undergoing  rotational  oscillation. 

The  overall  line  width  may  be  expected  to  decrease  at  the  same  time. 
If  the  molecule  containing  the  methyl  group  is  rotating  or  tunneling  about 
some  axis,  the  location  of  the  maxima  shown  in  Figure  10  will  be  displaced 
toward  the  central  peak.  The  amount  of  such  displacement  will  depend  on 


V 
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the  angle  £ . For  example,  if  , each  peak  will  be  displaced  halfway 

from  its  rigid  lattice  position  to  the  central  peak.  For  the  case  of 
rotational  oscillation  we  may  thus  assume  that  the  maxima  will  be  at  some 
intermediate  values  as  well  as  being  spread  out  as  mentioned  above . TNhen 
the  effects  of  intermolecular  broadening  arc  also  considered,  it  seems 
reasonable  to  assume  that  the  experimentally  determined  line  shape  should 
be  a fairly  smooth  curve  with  some  possibility  of  shoulders  when  the 
amplitude  of  oscillation  is  small.  Such  curves  are  indicated  qualitatively 
in  Figures  19(a)  and  (b). 


If  the  methyl  group  should  be  rotating  about  its  own  axis  simul- 
taneously, the  same  general  considerations  should  apply  although  the  line 
width  will  be  considerably  decreased  and  the  possibility  of  observing 
fine  structure  will  be  very  small. 

The  second  moments  to  be  expected  for  rotational  oscillation  are 
determined  by  averaging  over  a circle  and  J'j  over  a sphere  in 

each  of  the  expressions  (?co 5*6^*  - / ) , and  substituting  the  re- 

sulting expressions  in  equation  (2-6).  For  rotational  oscillation  only 


we  obtain: 


<A  Hs>*  - ^(^)WS‘nU  +')  ' & +(%*H*€-?sm  ^i)S0%k) 

(6-2?)  * 

and  for  simultaneous  rotation  of  the  methyl  group  about  its  ovm  axist 

(6-28)  *AHx>e=  -Ar(Z)l(tc°ss(-%T  +(?sm,t  -3sMfe)  J0%) 

+ %Sm*e  TA*«)  ] 

The  ratios  of  the  second  moment  for  rotational  oscillation  to  that 
expected  for  a rigid  methyl  group  have  been  plotted  In  Figures  20  and 
21  as  a function  of  7 f or  several  values  of  G . 


7.  Comparison  of  theoretical  and  experimental  line  shapes.  We 
have  previously  assum'd  that  our  nuclear  triangle  was  isolated  from  all 
other  nuclear  spins  and  was  in  a perfectly  homogeneous  field.  In  prac- 
tice, field  inhomogeneity  and  interactions  between  the  triangular  groups 
impart  a finite  width  to  each  component  line.  We  shall  group  all  such 
factors  external  to  the  triangular  group  into  one  broadening  function 
o)  > where  H Is  an  arbitrary  field  parameter,  and  /4 
is  defined  by  /\  H - H0-  H*  . H*  is  the  magnitude  of  the 


65 


magnetic  field  at  the  center  of  the  absorption  line  The  resultant  shape 
function  as  a function  of  the  field  is  thus  (P-6) : 

(7-D  £(«)=  H*) SCH 


This  relation  holds  for  each  of  the  components  of  the  line  which  ve  have 
derived  above,  and  also  for  the  overall  shape  function,  since  the  latter 
is  simply  the  sum  of  the  individual  conponents. 

The  broadening  function  5~(H-  Ho)  cannot  be  computed  directly. 
However,  it  is  usually  assumed  to  have  a gauss ian  form  (P-7)  which,  though 
not  exact,  is  a fairly  good  approximation.  Therefore: 


(7-2) 


S'CH'U*')  - e 


where  ia  a parameter  expressing  the  broadening  contributions  from  all 
sources . If  we  let  and  I-V7  — H-  H , and  substitute  equation 


(7-2)  into  equation  (7-1),  we  obtain: 

(7-3)  j (H)  = fe'-WpFi MA  - &*) 

k 

The  expressions  derived  previously  for  the  various 


such  that  the  integration  required  in  equation  (7-3)  cannot  be  done 
analytically.  Ve  must  therefore  perform  the  integration  numerically, 
and  ve  will  find  it  convenient  to  express  the  FA)  in  a more  general 
fora.  This  will  be  done  only  for  cases  I,  II,  and  III  of  section  6. 

The  case  of  a rigid  triangle  will  not  be  required  because  the  only 
compound  which  yields  a line  shape  corresponding  to  a rigid  configura- 
tion is  1,1,1-trlchloroethane,  which  has  already  been  investigated 
(0-2,  0-3). 


Dr.  J.  C.  Sternberg  has  shown  (S-3)  that  each  component  line  shape 
fl^h)  for  each  of  the  three  cases  of  rotation  to  be  considered  can  be 
expressed  In  the  sane  general  fora.  Coaparison  of  equations  (6-3),  (6-13), 
and  (6-19)  reveals  that  the  energy  parameters  X and  contain  the  factors 
Ok  - in  all  cases  and  aay  also  contain  a factor  which  is 

a function  of  £ alone.  Since  £ is  not  a variable  for  a specific  com- 
pound, any  function  of  £ may  be  considered  as  a constant  vhen  deriving 
the  line  shape  functions.  Accordingly  we  will  define  X and  IA,  generally 


as: 


(7 


* ^ AyUc*  (Jk  ' 7?  CCS\) 

/ / ON 


t 


For  Case  1,  rotation  about  an  arbitrary  axis, 

(T.„  /{  = %cos=e-?e  -3sm*t +B 


& 


For  Case  II,  rotation  about  the  normal  to  the  nuclear  triangle, 
(7-6)  Ast  , 


For  Case  III,  simultaneous  rotation  of  both  the  above  types, 

(7-7)  A'%  cosS€  -Xk  - 8 

The  probability  expressions  of  Table  1 can  also  be  expressed  in  terms 
of  A and  S only,  and  thus  are  constants  for  a particular  € 


The  general  expressions  for  the  probabilities  are  given  in  Table  2. 


.a^inurw  rw -» ••«•  w:sm .««*•«  •••«»•>-  *.,» .- 


~S 
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Lina  coaponent 

h,~o 

h,’*p* 

hg  m ^ 

<3  = at 

Table  2. 


Iforaalized  probability 

ft  = -f  (1+3*%*) 

P,=i rO-'fr) 
Pa  - -J  (1  + A/e) 


The  line  shape  functions 
the  equation. 


FifO 


(7-8) 


FC  CO  * Pi 


UC-XOSX)) 

<Jhi 


are  deterained  as  before  froa 


and  can  be  shown  to  have  the  saae  general  fora  in  every  case,  which  is: 

(7-9)  ~ ^ 2 PtfeacCoxiT zrjj 


The  factors  CZi  are  functions  of  £ . They  are  thus  constants  for  a 
particular  saaple,  but  their  actual  values  are  different  for  the  different 
line  components.  Their  values  are  given  In  Table  3 • 


Line  coaponent 

&L 

h,-  * ft 

a,-  8/2 

_ -^  Tby/a 

C*3  - 

A3  - Jr  ,Vp 

a „ C'A-S')/& 

5 

Table  3* 


The  Units  of  Voc 
to  be  the  sane  for  all. 


aust  be  specified  for  each  ccnponent  and  are  found 
When  the  positive  sign  is  taken  for  ^ in 


the  limit*  me*  MM&;.  |i  when  the  n*ga ■ 

turn  9iw  t»  choaea  the  liaita  are  3?  -*^  ^ 

With  the  exception  of  the  eeatral  coaponeat  fV;  , the  lir  e cob- 
porumt*  f~£  ocour  la  pair*  vhieh  ara  mirror  inagfts  of  e-i  ; • t.nor  with 
r •' -tpect  to  the  azi*  > - O'  . We  ahal  ’ . me  the  s-*h  »--j  (:H*!t 

pair,  *0  that  aquat ion  ( i ■ '?)  end  the  limite  »!.U  he: 


-10) 


a/ Fi  - TFptfa'  (Ui  -Ml 


/Pa,;  •••■-  *- 


If  wo  aow  sake  tha  aubatitut lone 
(7-10)  taka*  tha  fan*: 


y,  — y>  - /'>  . *j‘ 


•1  ue  t j on 


(Ml) 


- r p; f"K ^ ' ' !>*.- <■  ' 


a;  ^ * -?*t' 


v*  uwjr  ao»  aubatitute  thi*  raaul t in  equation  (7- 3 ’■  > obtiln. 

£fm)  = S' pi  *,)}'*( 

where  /J*  ia  a BoraaXlCatiCM  Itctor.  Since  the  liaite  ere  the  aaae 
for  ho|)|  Xf  tarn  X*  oo  aagr  rOflnoe  the*  by  the  ala«l*  rarlable  Y . 
f *•  fppfc*  the  fwrlhar  otaUtvklaa  od^-j it  • v*  obtain: 

v • •&-  - - : ‘ •■  7v7v ■ ..  - * jos :-r - •->  . ■ ••• 


the  eoft 


to  bo  evaluated.  Thi*  require* 


6 9 


mJ*\ 


i 


- 


0*1  («i+K>J* 


C %+Xj 


+ * 


-(&  'X, 


Jk 


Each  term  ii  in*  i.-.ner  integral  nay  be  reduced  to  the  standard  fora 


5^ 


JrF 


f t-i6)  Xs  J e - hr 

c X 

where  /< ■=  4:  X , and  cj/X  ~ ^ ^"Sr)  . Therefore: 


A~ 

(P-ir>  *77 


J [3a 

~CL 


and 


•M8?  //  = ^ 


Substitution  of  this  result  in  equation  (7*13)  with  soae  rearrangeaent 
of  teras  l*ads  to  the  final  equation: 


(7-j'»  £(m)  =-  Jfo  s / 

pt  1*(36ki)  O 


_ y? e-l '(ZThO^fJL 


Th*  equation  Just  o"j*»  ined  is  particularly  conrenient  in  that  it 
y i genere.1  results  that  aay  be  used  to  deteraine  the  line  shape 
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expected  for  any  v*  ;,f  ;,ie  angle  Q » It  is  also  in  a fora  which  ie 
convenient  for  numerical  integration  by  the  standard  quadrature  foraulas. 
The  right-'.^nl  ?;de  of  equation.  (7-19'  was  evaluated  for  several  coab illa- 
tions of  end  on  the  Whirlwind  I computer  at  the 

Massachusetts  Institute  of  Technology  Digital  Computer  Laboratory.  The 
data  are  given  in  Table  4.  The  values  of  a.L  ?OT  values  of  tyC&C 
other  than  those  tabulated  directly  can  be  obtained  with  some  loss  of 
precision  by  direct,  interpolation  or  from  plots  of  oSQ  against 

fytAu  for  the  selected  values  of 

The  actual  comparison  of  experimental  and  theoretical  line  shapes 
can  be  made  wttn  either  the  absorption  lines  or  their  first  derivatives. 
Ve  will  compare  the  derivative  curves  for  two  reasons ; the  derivative 
curves  are  more  sensitive  to  the  effects  of  fine  structure ; also,  the 
experimental  results  are  evaded  in  the  form  of  the  first  derivative 
of  the  line  snaps,  and  it  is  simpler  to  determine  the  derivative  of  the 
theoretical  line  shapes  than  to  carry  out  the  reverse  procedure. 

The  derivative  curves  cX  have  been  determined  by  the 

method  of  Rutledge  (M-3)»  and  have  been  plotted  against  ^*/oC  for  com- 
parison with  the  experimental  curves.  If  we  call  the  tabulated  values 


of  Table  K 


, and  let  = X » the  use  of 


Rutledge's  method  enables  us  to  determine  . The  equationm  deter- 

mining the  normalized  values  of  the  line  shape  function 


vs 


are; 


(7-R0)  o< 


and  those  determining  tie  u *r  ivati.v*  functional  vs.  % 


are: 
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than  the  value  predict}  for  an  Isolated  triangular  group  bj  an  amount 
which  depends  on  „ The  Increase  in  second  moment  can  be  expressed  as: 

(7-24) 

This  relation  is  particularly  useful  if  there  is  no  notion  of  the  protons, 
or  if  any  existing  notion  is  already  known  to  be  of  a certain  type  so  that 
the  theoretical  second  moment  can  be  precisely  determined  from  the  equa- 
tions and  curves  of  section  6 . This  is  not  likely  to  be  the  case,  but  the 
number  of  possible  choices  for  the  theoretical  second  aoaent  can  usually 
be  limited  to  only  a few.  The  amount  of  resolution  of  the  fine  structure 
will  give  seme  indication  of  the  magnitude  of  the  broadening  factor  and  this 
in  itself  may  help  to  select  the  most  likely  value  of  the  theoretical  second 
moment. 

Direct  estimates  of  the  broadening  may  also  be  made  from  the  experi- 
mental line  shape  derivative  curve . Sternberg  (S-3)  has  shown  that  by 
assuming  that  the  central  peak  of  the  derivative  curve  is  largely  due  to 
the  gausslan  shape  of  the  central  component  it  is  possible  to  obtain 
three  Independent  estimates  of  the  magnitude  of  (3  , and  that  these 
estimates  vlll  bracket  the  true  value  in  aany  cases.  Sternberg's  first 
relation  is: 

(7-25)  (3  =r  Wp 

where  ^ p is  the  spacing,  in  gauss,  between  the  center  of  the  line 

and  the  peak  of  the  derivative  curve.  The  other  two  relations  require 
that  the  experimental  line  be  normalised.  However,  the  normalisation 
factor  will  have  been  determined  during  the  process  of  evaluation  of  the 
second  moment,  since  it  is  the  denominator  of  equation  (2-3).  In  terms 
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of  the  normalized  derivative  curve,  the  broadening  factor  la  alao 
approximated  by: 


(7-26) 

(7-27) 


where  ( la  the  peak  height  of  the  derivative  curve,  and 
J^<**‘*^*  q la  the  alope  of  the  derivative  curve  at  the  center 

of  the  line.  In  the  reaulta  to  be  dlacuaeed  in  part  IT,  the  broadening 
factora  have  been  eatlaated  by  at  leaat  two  of  the  aeveral  Methods 


mentioned  here 
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III.  APPARATUS  AID  EXPERIMENTAL  TECHNIQUE 

A.  Overall  Operation  of  the  Apparatus. 

The  block  diagram  of  the  radiofrequency  spectrometer  ie  shown  in 

V 

Figure  A.  The  sample,  shown  in  its  normal  position  in  the  magnetic  field,  is 
connected  to  the  R-F  unit  by  a length  of  high-frequency  coaxial  cable.  It 
serves  as  the  inductive  part  of  the  oscillator  tank  circuit,  as  discussed  in 
part  II.  The  oscillator  tuning  capacitor  is  driven  by  a clock  motor  coupled 
through  a series  of  reduction  gears,  which  thus  varies  the  oscillator  frequency 
at  a steady  rate.  The  continuous  variation  of  the  oscillator  frequency,  in 
conjunction  with  continuous  recording  of  the  output  signal,  Imm  some  sfl—itmge*  over 
the  fixed-frequency,  variable  magnetic  field  technique.  The  magnetic  field 
may  be  produced  by  a permanent  magnet,  eliminating  the  problem  of  field  regula- 
tion.! the  detection  of  unknown  resonances  or  the  observation  of  resonance  lines 
of  different  nuclear  species  is  facilitated;  and  point-by-point  plotting  of 
line  shapes  is  eliminated. 

The  magnetic  field  is  modulated  at  280cps.  by  a current  from  the 
modulation  unit  passing  through  the  modulation  coil  which  is  wound  around  one 
of  the  pole  pieces  of  the  magnet.  Any  absorption  in  the  sample  thus  produces 
an  amplitude  modulation  of  the  oscillation  level  at  the  coil.  This  modulated 
radiofrequency  current  is  amplified  and  detected,  and  the  audiofrequency  compo- 
nent from  the  detector  stage  is  further  amplified  before  leaving  the  R-F  unit. 
When  the  absorption  signal  is  strong,  the  output  from  the  R-F  unit  may  be 
applied  to  the  vertical  plates  of  an  oscilloscope,  as  shown  by  the  dashed  line 
in  the  block  dla^am,  in  which  case  the  line  shape  will  be  pictured  directly. 

In  most  solids,  the  absorption  line  is  broadened  by  spin-spin  inter- 
actions, and  the  resultant  signal  is  too  weak  to  be  observed  visually.  In 
such  cases  the  output  from  the  R-F  unit  is  sent  to  the  tuned  amplifier  in 
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vhich  only  the  280cps  c onponent  of  the  signal  and  a narrow  range  of  noise 
frequencies  in  the  vicinity  of  280cps  are  amplified.  The  signal  is  then  sent 
to  the  phase-sensitive  detector  vhich  converts  the  signal  to  a DC  voltage  vhich 
is  proportional  to  the  first  derivative  of  the  absorption  line.  After  being 
passed  through  a filter  to  reduce  the  noise  further,  the  DC  signal  is  fed 
to  a specially-adapted  Brown  recorder. 

The  nodulation  unit  supplies  all  the  280c ps  outputs  for  the  spectro- 
meter. These  include  the  nodulation  current  for  the  aagnet  mentioned  above, 
the  condensation  current  vhich  serves  to  balance  out  any  direct  coupling  be- 
tween the  nodulation  coil  and  the  sanple  coil,  and  a reference  voltage  to  the 
phase-sensitive  detector  vhich  is  required  for  the  conversion  of  the  applied 
280cps  signal  to  a DC  output. 

B.  The  R-F  Ohit. 

The  R-F  unit  originally  was  constructed  identical  with  that  described 
by  Pound  and  Knight  ( P- 5 ) » and  differed  frost  the  present  circuit  (Figure  B) 
primarily  in  having  a second  tuned  circuit  between  the  high-frequency  amplifier 
and  the  detector.  This  tuned  circuit  could  be  expected  to  reduce  the  amount 
of  noise  at  the  output  of  the  R-F  unit  by  narrowing  the  noise  bandwidth.  How- 
ever, it  was  found  that  the  difficulties  Involved  in  tracking  this  tuned 
circuit  with  the  oscillator  frequency  outweighed  any  advantages  it  might  have, 
especially  since  most  of  the  results  to  be  obtained  were  expected  to  be  broad 
resonance  lines  for  which  the  tuned  280cps  amplifier  would  be  used.  Therefore 
the  tuned  circuit  was  replaced  with  a second  stage  of  broad-band  amplification. 
The  oscillator  circuit  was  later  revised  also  to  take  advantage  of  the  modifi- 
cations made  by  Watkins  (W-l).  The  final  fora  of  the  circuit  is  given  in 
Figure  B. 
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The  oscillator  circuit  has  previously  been  discussed  (part  II,  B).  A 
6BQ7  tube  is  used  In  place  o?  the  6j6  originally  used  for  the  oscillator  tube 
VI.  It  has  proved  to  be  less  mierophonic  than  the  6J6,  but  otherwise  has  the 
saaM  characteristics.  The  tuning  capacitor  is  driven  by  a Telechron  Model 
762M220  lrpm  motor  which  is  reversible  in  direction.  The  revolution  rate  of 
the  tuning  capacitor  is  reduced  8,000  times  by  three  National  Company  reducing 
gears  in  series,  and  the  resultant  rate  of  sweep  of  the  oscillator  frequency 
is  approximately  2.5Kc/sec  each  minute.  The  rate  of  sweep  is  not  quite  linear 
with  time,  probably  because  a straight-line-capacity  tuning  capacitor  is  used. 
Use  of  a straight -line-frequency  capacitor  therefore  is  recommended  to  give  a 
linear  frequency  scale  for  the  recorded  line  shape.  It  should  also  be  pointed 
out  that  the  mounting  for  reduction  gears  should  be  made  as  rigid  as  possible 
and  all  couplings  between  motor,  gears,  and  tuning  condenser  shaft  should  be 
rigid  rather  than  of  the  flexible  type  in  order  to  insure  that  the  rotation 
of  the  motor  shaft  is  transmitted  to  the  condenser  without  whip  or  lag.  The 
coupling  between  the  final  reduction  gear  and  the  condenser  shaft  should  also 
be  of  insulating  material  such  as  Bakelite  to  minimize  pickup  of  either  the 
modulation  frequency  or  stray  60cps  voltages. 

Certain  points  concerning  the  operation  of  the  oscillator  itself  de- 
serve some  further  consideration  beyond  that  given  in  part  II,  B.  The  decoupl- 
ing resistance  (controlled  by  switch  S-l)  reduces  the  loading  effect  of  the 
plate  load  on  the  tuned  circuit  of  the  oscillator.  In  principle  the  value  of 
this  resistance  should  Just  be  equal  to  the  shunt  resistance  of  the  tuned 
circuit  (Rg  in  the  earlier  discussion).  In  practice,  the  largest  value  which 
will  permit  oscillations  is  selected.  The  plate  load  is  compensated  for  loss 
of  gain  at  high  frequencies  by  the  Z-l  Ohaite  choke,  which  has  an  inductance 
of  5-5  alcrohinries. 
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We  previously  pointed  out  that  the  noise  figure  of  the  apparatus  will 
ordinarily  be  dsfcermi.tteci  solely  by  the  oscillator  circuit.  Hence,  reduction  of 
noise  in  this  circuit  is  of  paraaount  inportance.  The  use  of  a 6BQ7  tube  for 
the  oscillator  was  one  result  of  such  considerations.  Other  "tricks  of  the 
trade",  veil  known  to  electronics  workers  but  usually  unknown  to  cheaists,  are 
veil  worth  mentioning.  These  include:  (1)  all  ground  connections  in  the 

oscillator  circuit  are  made  to  a common  point  on  the  chassis;  (2)  both  filament 
pins  as  veil  as  the  pins  for  plate  1 and  grid  2 on  the  oscillator  tube  socket 
are  by- passed  to  ground  through  .Olmf  capacitors  to  minimize  the  effect  of  stray 
potentials  picked  up  by  the  associated  wiring;  (3)  all  leads  are  made  as  short 
as  possible;  (4)  the  oscillator  circuit.  Including  the  voltage  regulator  tube 
V7,  is  shielded  from  the  rest  of  the  circuits  in  the  R-F  unit;  and  (5)  the  B*, 
filament,  and  feedback  voltage  leads  between  the  oscillator  section  and  the 
rest  of  the  unit  are  shielded.  As  a result,  the  noise  figure  of  the  oscillator 
circuit  compares  favorably  with  those  of  others  which  have  been  observed  by 
the  author,  although  a quantitative  determination  of  the  noise  figure  has  not 
been  made.  At  present,  the  noise  seems  largely  to  be  determined  by  thermal 
noise  developed  in  the  sample  coil.  This  would  seem  to  be  the  final  limit  in 
attempting  to  reduce  the  noise  level.  However,  some  improvement  might  still 
be  made  by  the  use  of  special  low-noise  deposited  metal  resistors  Instead  of 
the  usual  carbon  type.  The  thermal  noise  level  is  decreased  when  the  tempera- 
ture of  the  sample  and  sample  coll  is  lowered.  At  the  same  time  the  signal 
strength  is  Increased  because  the  Boltzmann  factor  governing  the  difference 
in  the  populations  of  the  spin  energy  levels  is  increased.  The  overall  effect 
on  the  observed  signal-to-nolse  ratio  is  quite  marked  when  the  absorption 
lines  for  a sample  are  compared  at  both  room  temperature  and  -196°C.  It  is 
thus  advantageous  to  work  a*,  temperatures  as  low  as  possible  when  the  tempera- 
ture dependence  of  the  line  width  is  unimportant. 


83 


The  voltage  developed  across  the  oscillator  timed  circuit  Is  amplified 
by  a broad -baud  r-f  amplifier  composed  of  72  and  73.  The  4?  ohm  resistor  is 
used  to  eliminate  parasitic  oscillations.  The  peaking  colls  reduce  the  effect 
of  stray  capacitance  at  high  frequencies , thus  preventing  loss  of  gain.  The 
r-f  voltage  is  detected  by  74,  a 6AK5  tube  connected  as  a diode,  and  the 
audiofrequency  signal  is  further  amplified  by  V5  and  76. 

The  oscillation  level,  and  thus  the  magnitude  of  the  radiation  field 
in  the  sample  coll,  is  controlled  by  both  the  Bias  and  the  Level  Adjust  con- 
trols. The  Level  Adjust  control  picks  up  a certain  portion  of  the  DC  voltage 
developed  by  the  detector  circuit,  and  feeds  it  back  to  the  second  grid  of  the 
oscillator  tube.  The  long  (2  second)  time  constant  network  formed  by  the  2.2 
Megohm  resistor  and  the  1.0  nf  capacitor  prevents  the  280cps  component  produced 
by  absorption  in  the  sample  from  being  fed  back  to  the  oscillator  circuit,  so 
the  feedback  voltage  is  responsive  only  to  slow  drifts  in  the  oscillation 
level  resulting  from  changes  in  the  filament  voltage  or  changes  in  the  tube 
characteristics.  In  practice,  the  Bias  control  is  set  to  allow  the  Level 
Adjust  control  to  cover  the  range  of  oscillation  levels  normally  used,  the 
latter  control  being  used  to  make  the  final  adjustment.  This  arrangement  is 
used  because  changes  in  the  Bias  control  cause  much  greater  frequency  shifts 
than  corresponding  changes  in  the  Level  Adjust  control. 

A vacuum-tube  voltmeter  is  connected  at  the  meter  terminals  to  monitor 
the  r-f  level.  The  oscillation  level  usually  vas  adjusted  to  give  a meter 
reading  of  -0.15  to  -0.3  volts,  which  corresponds  to  approximately  0.0?  to  0.1 
volts  rms  at  the  tuned  circuit.  While  not  necessarily  the  optimum  voltage, 
this  usually  gave  good  signal-to-noise  ratios  for  the  absorption  lines  studied 
while  avoiding  saturation  effects  in  all  but  a few  samples. 

The  plate  voltage  of  180  volts  is  supplied  from  a regulated  power  supply 
(Model  25,  Lambda  Electronics  Corporation).  The  regulation  circuit  is  similar 
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in  overall  design  to  the  one  employed  in  the  tuned  amplifier  circuit  to  be 
discussed.  The  output  voltage  is  constant  to  less  than  -±Ll  volt  over  the 
course  of  an  experimental  run.  No  120cpa  ripple  voltage  could  be  detected, 
but  transient  a-rgea  in  the  117  volt  line  are  sometimes  passed  through  to  the 
R-F  unit.  These  are  of  such  short  duration  that  their  effect  is  negligible. 

The  voltage  regulator  tube  V7  is  used  to  decouple  the  plate  voltage 
at  the  oscillator  tube  from  the  power  supply  and  the  other  tubes  in  the  unit, 
as  well  as  to  provide  further  stabilization  of  the  oscillator  plate  voltage. 

A good  indication  of  the  sensitivity  of  the  oscillator  circuit  is  given  by  the 
fact  that  a 120cps  ripple  could  be  seen  in  the  output  from  the  R-F  unit  when 
this  was  fed  directly  to  the  oscilloscope,  despite  the  regulation  furnished  by 
both  the  power  supply  and  V7.  However,  the  effect  was  snail  and  this  ripple 
voltage  was  easily  removed  by  the  tuned  amplifier. 

The  filaments  are  supplied  from  a storage  battery.  A charger  is 
floated  across  the  battery  terminals  through  a variable  one  ohm  resistor, 
which  is  adjusted  to  keep  a 50-100  ma  charging  current  through  the  battery. 

The  filaments  can  thus  be  kept  heated  at  all  times  with  no  drain  on  the 
battery,  and  no  warmup  time  is  required  before  using  the  unit.  No  60cps  ripple 
has  been  observed  in  the  output  from  the  R-F  unit  that  could  be  attributed  to 
the  charger.  Both  sides  of  the  filament  line  are  bypassed  to  ground  by  .01  mf 
capacitors  as  they  enter  the  chassis.  A 200  ohm  potentiometer  is  connected 
across  the  filaments  with  its  center  tap  grounded.  The  position  of  the  center 
tap  can  be  varied  to  minimize  any  60cps  pickup  in  the  filament  leads.  However, 
this  has  proved  to  be  unnecessary  in  this  particular  unit  as  no  60cps  component 
can  be  clearly  distinguished  from  the  background  noise  and  the  120cps  ripple 
mentioned  above  in  the  output  from  the  R-F  unit. 

All  .01  and  .001  mf  capacitors  in  the  R-F  unit  are  of  ceramic  construc- 
tion, these  having  the  advantage  of  low  high-frequency  loss  as  well  as  shall 
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C.  The  Tuned  Amplifier  and  Phase -Sensitive  Detector. 

These  tvo  units  are  incorporated  into  a single  chassis.  The  present 
form  of  the  circuit  (Figure  C)  is  derived  from  a circuit  designed  bj  Mr.  L.  C. 
Hedrick  for  Professor  E.  Bright  Wilson's  reascrsh  group.  The  input  signal 
froa  the  R-F  unit  is  amplified  by  V101,  a 6SJ7  connected  as  a triode,  and  is 
then  sent  to  the  tuned  amplifier,  V102.  This  amplifier  consists  of  a normal 
resistance-coupled  pentode  amplifier  circuit  and  a tvin-T  resistance-capaci- 
tance network  connected  between  the  grid  and  plate  of  the  amplifier  tube. 

The  twin-T  network  has  an  Impedance  which  is  frequency  sensitive,  as 
we  can  show  from  the  following  considerations.  In  the  network  of  Figure  D-l, 
each  of  the  two  single  T networks  of  which  the  twin-T  is  composed  can  be  con- 
verted to  an  equivalent  7T  network,  which  is  equivalent  in  that  it  will  give 
the  identical  terminal  currents  and  terminal  voltages  under  identical  external 
conditions.  The  impedances  q and  in  which  we  are  particularly  interest- 

ed are  given  in  the  figure  in  terms  of  the  actual  circuit  elements  from  which 
they  are  derived  (for  derivation,  see  C-l). 
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In  Figure  D-2,  we  can  see  that  the  impedance  between  points  <5. and  C is  repre- 
sented by  the  parallel  combination  of  2%  and  , sox^*  . If 

the  laps dance  frc®  ^ to  c will  be  infinite;  no  signal  will  be  transmitted 
from  o—  k to  c-d . This  condition  will  be  fulfilled  if  both  the  resistive 
and  reactive  parts  of  i?g>  and  , respectively,  are  equal  in  magnitude,  or: 
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These  relations  involve  the  applied  frequency,  <s0  , Thus  the  values  of  the 
cosiponents  in  the  twln-T  network  can  be  selected  so  that  one  desired  frequency 
will  be  rejected  by  the  network  while  all  other  frequencies  will  be  transmitted. 
Considering  the  whole  circuit  of  the  tuned  amplifier,  we  can  now  see  that  the 
twln-T  network  will  provide  considerable  degenerative  feedback  from  the  plate 
to  the  grid  of  V102,  except  at  the  rejection  frequency  of  the  network.  As  a 
result  this  stage  will  amplify  only  the  rejection  frequency  of  the  twin-T, 
which  is  adjusted  to  be  the  same  as  the  modulation  frequency,  in  practice, 
the  components  of  the  twln-T  network  were  chosen  to  give  a rejection  frequency 
as  close  as  possible  to  the  desired  280cps  modulation  frequency,  and  the  modu- 
lation oscillator  (to  be  discussed  later)  was  timed  to  the  actual  rejection 
frequency,  which  is  approximately  260cps  in  this  unit. 

In  addition  to  the  high  attenuation  of  the  signal  there  is  also  pro- 
duced by  the  twln-T  network  a phase  shift  which  is  a rapidly  varying  function 
of  frequency,  for  frequencies  close  to  the  rejection  frequency.  It  is  thus 
very  important  to  minimize  thermal  drifts  in  the  twin-T  network.  This  is 
accomplished  by  using  silver-mica  capacitors  and  one  watt  carbon  resistors  in 
the  twin-T  network,  the  positive  temperature  coefficients  of  the  capacitors 
tending  to  offset  the  negative  temperature  coefficients  of  the  carbon  resistors. 
The  network  also  is  mounted  in  a separate  can  which  plugs  into  a standard 
octal  socket.  This  arrangement  shields  the  network  from  pickup  voltages  to 
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vhlch  it  is  quite  sensitive,  and  also  provides  for  easy  changes  in  the  netvork 
components  in  case  the  aodulation  frequency  is  changed.  As  a final  precaution, 
the  filament  and  plate  voltages  are  left  on  at  all  times. 

One  other  practical  point  is  worth  mentioning.  It  was  found  necessary 
to  shield  the  input  and  output  socket  pins  to  the  shield  can  of  the  tvin-T  net- 
vork in  addition  to  using  shielded  leads,  to  eliminate  a severe  source  of  pick- 
up. This  was  accomplished  by  improvising  a shield  of  heavy  copper  braid  vhlch 
was  soldered  to  the  chassis  as  veil  as  to  the  shield  on  the  input  and  output 
leads . 

The  overall  operation  of  the  tuned  amplifier  has  been  satisfactory. 
There  has  been  little  drift  in  the  rejection  frequency,  vhlch  has  been  checked 
periodically.  However,  the  bandpass  characteristics  could  be  improved.  A 
semi-quantitative  check  has  indicated  that  the  bandwidth  between  the  points 
at  vhlch  the  output  voltage  is  one-half  its  maximum  is  approximately  30cps. 

This  does  not  compare  veil  vith  the  circuit  devised  by  Watkins  which  has  a 

« 

bandpass  of  8cps  (W-l) . The  difference  is  due,  at  least  in  part,  to  the  load- 
ing effect  of  the  plate  load  resistor  of  V102.  The  Watkins  circuit  is  de- 
signed to  keep  the  tvin-T  unloaded,  and  in  addition  is  arranged  to  make  the 
bias  on  the  tuned  amplifier  tube  self- compensating  for  aging  or  changes  in 
the  tube  characteristics. 

The  output  from  the  tuned  amplifier  is  further  amplified  by  V103,  and 
the  signal  is  then  applied  both  to  the  phase- Inverter  stage  of  the  phase- 
sensitive  detector  and  to  a cathode -follower  circuit  employing  Y108,  from 
vhlch  the  output  is  connected  to  the  oscilloscope  for  monitoring  and  frequency 
measurement  (discussed  in  section  0,  below). 

The  phase- Inverter  stage  YlOk  converts  the  input  signal  into  two 
signals  vhlch  are  Identical  in  amplitude  but  180°  out  of  phase  vith  respect 
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to  oach  other.  In  brief,  its  operation  is  ae  follows.  The  input  signal, 
applied  to  the  first  grid,  produces  a voltage  at  the  first  plate  which  is  180° 
out  of  phase  with  respect  to  the  input.  The  cathode,  which  is  unbypassed  and 
connected  directly  to  the  cathode  of  the  second  half  of  the  tube,  will  apply 
a signal  at  the  second  cathode  which  is  in  phase  with  the  voltage  applied  to 
the  first  grid.  Since  the  second  grid  is  grounded,  the  voltage  at  the  second 
plate  will  also  be  in  phase  with  the  input  voltage  and  therefore  180°  out  of 
phase  with  respect  to  the  voltage  at  the  first  plate.  If  the  plate  load 
resistors  for  the  two  plates  have  the  sane  resistance,  the  two  voltages  will 
have  practically  the  sane  amplitude,  and  the  balance  is  Improved  by  the  degetaar- 
ative  effect  of  the  cathode  circuit. 

The  two  voltages  fran  the  phase- Inverter  are  fed  to  the  grids  of  the 
phase-sensitive  detector  tubes,  7105  and  7106.  At  the  sane  tine,  a synchro- 
nizing voltage  at  the  modulation  frequency  is  fed  to  both  suppressor  grids 
from  a source  in  the  modulation  unit.  The  operation  of  the  circuit  is  best 
explained  in  terns  of  the  diagrams  in  Figure  E.  In  the  absence  of  a signal 
from  the  sample  (Figure  E-l),  the  plate  current  in  each  tube  is  controlled 
by  the  synchronizing  voltage.  It  can  be  seen  that  each  tube  is  cut  off  during 
alternate  half-cycles  but  that  the  average  plate  current  is  the  sane  for  each 
tube.  This  is  accomplished  by  placing  the  suppressor  grids  at  d-c  ground 
potential  in  the  absence  of  the  synchronizing  voltage,  and  thus  about  20  volts 
negative  with  respect  to  the  cathode  voltages.  This  is  sufficient  to  cut  off 
the  plate  currents  except  during  the  positive  half-cycles  of  the  synchronizing 
voltage.  The  tubes  therefore  are  being  operated  non- linearly,  such  operation 
being  essential  if  an  output  signal  is  to  be  obtained. 

In  Figure  E-2  we  see  the  effect  of  a signal  fron  the  sample.  The 
modulation  current  sweeps  the  applied  nagnetlc  field  back  and  forth  over  a 
portion  of  the  line,  causing  a periodic  variation  in  the  oscillation  level 
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across  the  saaple  coll  vhich  appears  at  the  phase- sens it Ire  detector  as  a pair 
of  alternating  voltages  applied  to  the  grids  of  the  tubes.  If  the  synchro- 
nizing voltage  is  adjusted  so  that  it  is  exactly  in  phase  vith  the  signal 
applied  to  the  grid  of  tube  1,  it  vill  then  be  180°  out  of  phase  vith  the  signal 
applied  to  the  other  grid.  The  average  plate  current  through  tube  1 vill  be 
increased  vhile  that  through  tube  2 vill  be  decreased,  as  shown  in  the  figure. 
When  the  oscillator  frequency  corresponds  to  a point  on  the  other  side  of  the 
resonance  line  the  situation  vill  be  that  illustrated  in  Figure  1-3,  The  plate 
current  through  tube  1 vill  be  decreased  and  that  through  tube  2 vill  be  in- 
creased. We  can  also  see  from  the  figures  that  the  signal  applied  to  the  grids 
vill  be  approximately  proportional  to  the  slope  of  the  line  at  the  center  of 
the  range  of  field  strengths  covered  by  the  modulation. 

Figures  E-4  and  E-5  illustrate  the  effect  of  improper  phasing  of  the 
synchronizing  voltage.  The  result  of  such  maladjustment  is  to  seduce  the 
amplitude  of  the  output  signal.  The  phasing  control  for  the  synchronizing 
voltage  consists  of  a resistance-capacitance  phase  shifting  network  located  in 
the  modulation  unit.  The  phase  variation  is  accomplished  by  adjusting  the 
setting  the  oscillator  frequency  so  that  it  falls  at  or  near  one  of  the  points 
of  maximum  slope  of  the  absorption  line  (a  maximum  point  on  the  recorded 
curve).  The  phasing  control  is  then  adjusted  to  give  the  maximum  deflection 
of  the  recorder.  Further  adjustment  is  not  necessary  thereafter,  as  long  as 
the  oscillation  level  is  not  altered. 

In  the  output  from  the  phase- sensitive  detector  tubes  is  a fluctuating 
direct  current.  It  Is  filtered  by  the  long  time  constant  network,  vhich  also 
integrates  out  noise.  Switch  S101  permits  a selection  of  time  constants  from 
.25  to  15  seconds.  Longer  time  constants  provide  better  filtering  of  noise; 
however  the  response  of  the  system  to  changes  in  the  input  signal  is  slowed 
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proportionately.  Thus  the  tine  constant  used  for  a particular  run  aust  be  lees 
than  the  length  of  tine  required  to  sweep  through  the  absorption  line  by  a 
factor  of  at  least  five. 

The  final  stage  7107  is  a d-c  aaplifier  vhich  supplies  the  current 
required  to  drive  the  recorder.  The  connections  to  the  recorder  are  also 
shown  In  Figure  C.  The  slide  wire  potential  is  supplied  from  the  cathode 
circuit  of  7107,  eliminating  both  the  battery  supply  and  the  automatic  balanc- 
ing circuit  in  the  recorder  itself.  The  recorder  operates  ay  a null  point 
indicator.  Any  voltage  difference  between  the  two  input  terminals  is  amplified 
and  used  to  drive  the  motor  vhich  moves  the  center  tap  on  the  slide-vire. 

Since  the  center  tap  is  the  conmon  ground  connection  for  both  the  cathode  cir- 
cuits of  7107,  vhich  are  connected  to  the  ends  of  the  slide  wire,  any  change 
in  the  position  of  the  center  tap  will  increase  the  resistance  of  one  cathode 
circuit  at  the  expense  of  the  other.  When  the  connections  to  the  recorder  are 
properly  made  the  motion  of  the  center  tap  will  be  In  such  a direction  as  to 
decrease  the  voltage  difference  between  the  input  terminals.  When  the  recorder 
is  at  balance  (zero  potential  across  the  input)  it  may  be  unbalanced  by  either 
of  two  means,  a change  in  the  potentials  at  the  two  grids  of  7107  or  a change 
in  the  Recorder  Balance  control,  vhich  is  a variable  resistance  in  one  of  the 
cathode  circuits.  The  Recorder  Balance  control  is  used  to  bring  the  recorder 
pen  to  midscale  when  the  grids  of  7107  are  temporarily  tied  together.  Then 
the  grids  are  unshorted  and  the  Detector  Balance  control  is  used  to  return  the 
pen  to  midscale,  thus  balancing  the  phase-sensitive  detector  tubes  against 
each  other  in  the  absence  of  a signal. 

The  tubes  7109,  7110,  7111,  and  7112  and  their  associated  components 


fora  an  electronically  regulated  power  supply.  The  principle  of  operation  is 
as  follows.  Let  us  assume  that  a certain  potential  exists  between  the  cathode 
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of  V109  (B^)  and  ground.  If  this  potential  Increase*  for  any  reason,  the 
potential  applied  to  the  grid  of  V110  will  Increase  because  of  the  Increased 
potential  at  the  center  tap  of  the  100K  potentiometer.  The  cathode  of  V110 
is  kept  at  a constant  potential  of  150  volts  by  the  voltage  regulator  tube 
Vlll.  Therefore  an  increase  in  the  grid  voltage  will  allow  the  plate  current 
of  V110  to  increase.  This  current  must  pass  through  the  1.2  Meg  resistor  which 
is  connected  between  the  plate  of  V110  and  the  output  of  the  power  supply 
filter,  and  it  will  therefore  increase  the  potential  across  this  resistor. 

The  end  result  is  to  decrease  the  grid  voltage  of  tube  V109  and  increase  the 
voltage  drop  across  this  tube,  compensating  for  the  original  Increase  In  the 
B + voltage.  The  voltage  is  adjusted  Initially  by  the  setting  of  the  100K 
potentiometer. 

From  the  nature  of  the  diagrams  of  Figure  E,  it  can  be  seen  that  the 
phase- sensitive  detector  could  also  be  designed  to  feed  the  signal  in  phase 
to  both  detector  tubes  and  the  synchronizing  voltage  180°  out  of  phase  to  the 
tubes.  In  principle,  either  arrangement  would  be  equally  satisfactory.  In 
practice,  the  present  arrangement  has  proved  to  be  superior.  The  original 
circuit,  which  was  constructed  to  feed  the  synchronizing  voltage  out  of  phase 
to  the  detector  tubes,  showed  a marked  dependence  of  the  recorder  balance  point 
on  the  phasing  control  of  the  synchronizing  voltage.  This  was  found  to  be 
caused  by  failure  of  the  phase- inverting  stage,  located  under  these  conditions 
in  the  synchronizing  voltage  circuits,  to  give  a balanced  output  for  all  posi- 
tions of  the  phasing  control.  Furthermore,  any  imbalance  in  the  two  voltages 
fed  to  the  suppressor  grids  of  the  detector  tubes  was  increased  in  the  detector 
tubes  themselves.  This  is  probably  due  to  the  tt&e  characteristics  because  no 
tolerances  are  specified  in  the  construction  of  the  suppressor  grids  of  most 
pentod  tubes  whereas  the  other  tube  elements  are  rigidly  controlled  in  manu- 
facture. The  latter  consideration  has  not  been  significant  in  the  present 


circuit,  which  la  btitd  on  that  of  Vatklaa  (V-l) , where  the  suppressor  grids 
are  driven  la  phase.  Any  existing  differeacee  ia  the  two  tubes  are  partially 
compensated  by  the  eaaaea  cathode  rec later  aad  the  remainder  la  removed  by  the 
adjustment  of  tha  Detector  Balaaoe  control. 

It  has  baea  suggested  that  thla  cirouit  might  be  improved  by  us leg 
transformer  phase- Inversion  aad  transformer  coupling  of  the  synchronizing 
voltage  with  diode  detector  tubes,  la  aa  arrangement  which  superficially 
reeembles  the  diaorlalaator  cirouit  of  a frequency  modular 'c-  receiver.  Such 
a system  might  have  tha  vary  definite  advantage  of  simplicity  of  the  circuit 
aad  balaaolag  arrangements,  although  the  overall  gain  of  the  apparatus  vould 
be  redwood.  The  decrease  in  fain  would  be  of  mo  importance,  elnoe  the  avail- 
able gala  of  tha  existing  apparatus  la  eeveral  hundred  times  that  needed  for 
the  elfnale  thua  far  dateeted.  She  0137  poeelble  drawback  to  a transformer- 
ooupled  system  would  be  the  coot  of  the  transformers  an  ooapared  to  the  ooet 
of  tha  oompomanta  in  tha  exletlag  ays  tea. 

Ia  swaary,  it  la  felt  that  the  preaent  cirouit  for  both  the  tuned 
amplifier  aad  the  phase-sensitive  detector  is  aatiafactory  for  the  present 
applioatloa  of  tha  equipment  to  lime  shape  aad  line  width  messureaents  of 
protom  lines.  For  studies  involving  weak  absorption  signals  the  bendpess 
oharaoterlstlec  of  the  tuned  amplifier  should  be  improved,  while  relaxation 
time  measurements  would  require  a stepwise  fsia  control  so  that  the  setting 
could  be  reproduced  accurately.  She  details  of  such  aod:.f icatione  can  be  found 
in  Vetkins  thesis  (V-l). 

D.  The  Modulation  bait. 

She  modulation  unit,  figure  F,  was  originally  constructed  according  to 
a circuit  diagram  obtained  from  Watkins  (V-t).  Tha  present  circuit  differs 
in  some  details  from  the  original  design  and  these  changes  will  be  mentioned 
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as  they  appear  la  the  following  discussion.  Watkins'  published  circuit  (W-l) 
differs  considerably  from  that  of  Figure  D,  primarily  in  being  designed  for 
both  sine-  and  square -wave  modulation.  The  present  circuit  has  no  provision 
for  square -wave  modulation^  so  its  adaptability  for  such  operation  will  be 
discussed  at  the  conclusion  of  the  description  of  the  existing  circuits. 

The  280cps  oscillator  circuit  consists  of  tubes  V201  and  Yfe02.  It  is 
a phase-shift  oscillator  of  relatively  standard  design  (see  C-l,  p.  509),  and 
its  operation  may  be  described  qualitatively  as  follows.  Assume  that  a 
oscillatory  signal  is  present  at  the  control  grid  of  V102.  This  will  produce 
a signal  at  the  plate  that  is  shifted  in  phase  by  180°.  This  signal,  applied 
to  the  first  grid  of  V20£  will  produce  a signal  at  the  second  plate  of  V202 
that  is  in  phase  with  the  signal  at  the  first  grid  because  of  the  common 
cathode  arrangement  for  the  two  halves  of  the  tube.  Part  of  the  signal  from 
the  second  plate  of  V202  is  then  fed  back  to  the  grid  of  V201  through  the  three 
phase  shift  networks.  Each  of  the  networks  produces  a phase  shift  of  60°,  so 
the  signal  arriving  at  the  grid  is  in  phase  with  the  signal  which  we  assumed 
was  present  at  the  beginning,  and  will  sustain  the  oscillations.  The  fre- 
quency of  the  oscillator  is  determined  by  the  phase- shifting  network,  being 
inversely  proportional  to  the  product  of  the  resistance  and  capacitance  used 
in  a single  stage  of  the  network.  The  frequency  can  be  varied  slightly  by  the 
Frequency  Adjust  control,  the  toted,  variation  being  restricted  to  about  kOcps 
for  stable  operation,  which  is  sufficient  to  permit  tuning  of  the  oscillator 
frequency  to  the  rejection  frequency  of  the  tuned  amplifier. 

The  first  half  of  V202  and  the  diode  of  V201  are  used  to  provide 
amplitude  stabilization  of  the  oscillator,  an  increase  in  amplitude  of  the 
oscillations  causing  the  diode  to  draw  more  current  and  increase  the  negative 
bias  on  the  grid  of  V201.  The  oscillator  circuit  ttyu  provides  a nearly  pure 
sine-wave  output  at  the  second  plate  of  V202,  which  is  stabilized  at  about  13 
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volts.  The  frequency  stability  is  also  quite  good,  tie  same  precautions  beii® 
taken  here  as  in  the  tuned  amplifier  circuit.  Silver  mica  capacitors  are  used 
and  the  power  is  left  on  at  all  times.  ?he  tuning  network  is  not  mounted  in 
a shielded  can,  but  thi*  would  seem  to  be  advisable. 

V203a  is  a phase- inverter  stage  providing  two  balanced  outputs  180° 
out  of  phase  to  drive  the  modulation  power  amplifier  tubes  in  push-pull.  The 
10K  resistors  and  .002mf  capacitors  in  the  grid  circuits  of  the  power  tubes 
were  added  to  eliminate  spurious  oscillations  in  the  power  a&plif ication  stage. 

The  power  amplifier  consists  of  V20k  and  V2C5.,  a pair  of  6l6's  operat- 
ing in  push-pull.  They  are  theoretically  capable  of  providing  up  to  20watts 
of  audio  power  to  drive  the  modulation  coil.  The  usable  output  is  actually 
considerably  less,  being  limited  by  distortion  of  the  output  waveform  at  greater 
than  50$  settings  of  the  Modulation  Gain  control.  The  usable  power  output 
could  probably  be  increased  by  better  impedance  matching  between  the  modulation 
coil  and  the  output  transformer.  However,  the  operation  has  been  satisfactory, 
providing  up  to  two  gauss  modulation  of  the  magnetic  field. 

Part  of  the  power  output  is  fed  to  a phase- shifting  network  which 
supplies  the  signal  for  the  compensation  amplifier,  V206.  The  combination  of 
switches  S201,  S202,  and  the  IMeg  potentiometer  provides  a full  36O0  of  phase 
shift.  In  conjunction  with  the  Compensation  Gain  control,  they  provide  for 
completely  variable  phase  and  amplitude  of  the  compensation  current  which  is 
used  to  nullify  any  direct  coupling  between  modulation  coil  and  sample  coil. 

The  compensation  is  necessary  at  higher  modulation  amplitudes  because  such 
coupling  causes  serious  zero  drifts  of  the  recorder  trace  during  the  course  of 
a run  and  may  also  distort  the  recorded  line  shape,  ^he  compensation  coil  is 
wound  around  the  outside  of  the  Dewar  flask  and  consists  of  approximately  two 
linear  inches  of  Close- wound  #22  enameled  copper  wire  in  a single  layer  wind- 
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The  procedure  for  balancing  is  straightforward.  The  modulation 
amplitude  is  set  at  tins  desired  level  with  no  compensation  voltage  applied. 

The  compensation  gam  is  then  set  at  an  arbitrary  level  and  the  phasing  con- 
trols are  adjusted  to  give  maximum  deflection  of  the  recorder  pen  in  the  direc- 
tion opposite  to  the  deflection  caused  by  the  modulation  pickup  alone.  The 
Compensation  Gain  control  is  finally  readjusted  to  give  the  original  balance 
reading  on  the  recorder.  Unlike  the  phase  sensitive  detector  phasing,  the 
compensation  must  be  readjusted  for  each  run.  The  sample  coil  must  be  moved 
to  change  samples,  and  minute  differences  in  the  pos  ; ion  of  the  coil  change 
the  coupling  between  the  sample  coil  and  the  modulation. 

The  phasing  arrangement  for  the  compensation  circuit  is  one  of  the 
least  satisfactory  parts  of  the  circuit.  The  principle  of  deriving  the  signal 
for  the  compensation  stage  from  a point  in  the  modulation  circuit  following 
the  Modulation  Gain  control  is  undoubtedly  sound,  as  it  keeps  the  compensation 
current  approximately  proportional  to  the  modulation  current  without  adjustment 
of  the  Compensation  Gain.  However,  the  present  circuit  arrangement  with  the 
phasing  network  connected  between  the  plates  of  the  modulation  power  tubes  jmta 
a severe  strain  on  the  circuit  components.  At  higher  power  levels  the  voltage 
differential  across  S201  is  several  hundred  volts,  and  considerable  trouble  has 
been  experienced  with  breakdown  of  the  switch,  the  .Olmf  capacitor,  and  the  1M 
potentiometer.  The  51K  resistor  was  added  to  reduce  the  current  through  the 
potentiometer  when  it  is  nearly  shorted,  and  has  alleviated  some  of  the  diffi- 
culty. However,  the  modulation  current  is  still  affected  slightly  by  changes 
in  the  switch  positions  or  the  setting  of  the  potentiometer.  In  addition, 
there  is  the  inconvenience  of  manipulating  three  different  controls  to  obtain 
the  full  360°  phase  shift.  It  is  therefore  recommended  that  any  future  modifi- 
cations of  the  modulation  unit  include  the  replacement  of  the  present  phasing 
arrangement  by  a magnetic  phase  shifter  which  will  provide  a linear,  continuous 
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phase  shift  of  3^0°  ir.  one  control,  even  though  this  night  entail  the  addition 
of  another  tube  to  tt*  -t is ting  circuit.  One  such  phase  shifter  is  the  Eclipse- 
Pioneer  AY2l*-2-53  A\jto3yrt,  manufactured  by  the  Bendix  Corporation  (W-3). 

Y207a  is  another  phase -inverter  stage,  similar  to  V203a.  It  is  driven 
by  a signal  from  the  output  of  the  oscillator  section  and  supplies  the  phase 
shifting  networks  for  both  the  phase  sensitive  detector  synchronizer,  V207b, 
and  a test  source,  V203b.  The  1M  potentiometer  m the  cathode  circuit  of 
V207a  provides  about  l60°  of  phase  shift  for  the  synchronizing  voltage.  The 
Sync.  Gain  control  gives  a synchronizing  output  of  u[.  to  50  volts  at  the  plate 
of  V207b,  the  full  output  usually  being  uaed  for  the  phase  sensitive  detector. 

The  phasing  network  which  supplies  the  test  circuit,  V203b,  is  iden- 
tical to  that  used  in  the  compensation  circuit,  and  the  same  considerations 
apply.  The  switch  S205  in  the  grid  circuit  of  V203b  allows  the  test  output 
to  be  attenuated  in  steps  of  about  two,  while  S206  attenuates  the  output  by 
factors  of  10-  In  the  present  apparatus,  this  circuit  is  not  used  except 
when  the  absorption  signal  is  observed  visually,  in  which  case  it  supplies 
the  horizontal  sweep  of  the  oscilloscope  to  give  a sweep  synchronous  with  the 
modulation  field.  For  relaxation  time  measurements,  this  circuit  supplies 
the  calibrator  circuit  which  is  discussed  by  Watkins  fW-l) 

iha  power  supply  (V208  and  the  associated  fil’er  circuit)  is  unregu- 
lated, and  has  a capac itor- input  filter.  The  l6mf  capacitor  at  the  input  of 
the  filter  was  added  to  increase  the  plate  voltage  of  the  modulation  power 
tubes  and  thereby  increase  the  power  output.  The  increased  voltage  affected 
the  stability  of  the  oscillator  circuit,  so  the  6K  resistor  was  introduced  to 
lower  the  oscillator  plate  voltage  to  its  original  value.  Under  the  present 
operating  conditions,  the  power  supply  arrangement  is  satisfactory.  Should 
the  distortion  in  the  modjlation  output  be  corrected,  allowing  higher  useful 
modulation  output,  it  is  felt  that  the  capac it or -input  filter  will  tot  have 
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the  necessary  voltage  stability.  The  total  plate  current  of  the  modulation 
tubes  decreases  as  the  audio  power  output  increases,  so  the  B ^"voltage  of  all 
tubes  will  increase . This  can  cause  a change  in  the  oscillator  frequency, 
which  has  already  been  observed  for  settings  of  the  Modulation  Gain  control 
just  slightly  above  the  normal  range  of  use. 

We  have  already  mentioned  that  Watkins  circuit  includes  provision  for 
square -wave  modulation.  This  is  accomplished  by  taking  the  sine-wave  output 
from  the  oscillator  and  clipping  the  wave  shape  before  sending  the  signal  to 
the  modulation  amplifier  stages.  Square-wave  modulation  has  the  advantage  of 
presenting  the  actual  line  uhap6  rather  than  its  first  derivative  on  the 
recorder  trace.  However  it  requires  considerably  higher  modulation  amplitudes, 
greater  than  the  overall  line  width  in  gauss,  or  10-20  gauss.  It  also  requires 
a high  quality  output  transformer  in  the  modulation  stage  to  pass  all  the 
harmonics  which  give  the  square  shape  to  the  waveform.  The  present  system  is 
unsuitable  for  square-wave  modulation  for  two  reasons.  The  output  transformer 
is  not  of  the  high  quality  required,  and  the  modulation  coil,  which  is  wound 
on  one  of  the  pole  pieces,  will  not  respond  properly  to  a square— 
wave  signal  unde-  any  conditions.  The  coil  would  have  to  placed  in  the  gap 
where  it  would  be  approximately  an  air-core  coil  in  order  to  give  the  square 
shape  to  the  modulation  field. 

In  general,  the  modulation  unit  seems  to  be  the  least  satisfactory 
part  of  the  entire  apparatus.  Considerable  trouble  has  been  encountered 
periodically  in  its  operation,  and  the  maximum  useful  modulation  field  is 
limited  as  we  have  mentioned.  It  has  given  satisfactory  results  for  the 
range  of  compounds  studied  in  this  investigation,  but  these  have  for  the  most 
part  given  relatively  narrow  line  shapes.  It  is  felt  that  the  general  utility 
of  the  apparatus  could  be  improved  by  a better  design  of  the  modulation  unit 


and  the  modulation  coil. 
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X.  The  Magnet, 

The  present  .-if^i-atur-  utilizes  an  Alnico  7 permanent  magnet,  the  Alnico 
being  supplied  on  - definite  loan  by  the  Carballoy  company.  Each  pole  piece 
consists  of  seven  discs  of  Alnico,  each  sit  inches  in  diameter  and  one  inch 
thick,  with  a one  inch  diameter  hole  in  the  center.  The  pole  caps  are  of  soft 
iron  and  are  tapered  from  3ix  inches  to  four  end  one-half  inches  in  a length  of 
one  and  three-quarter  inches.  The  pole  pieces  are  bolted  to  the  magnet  yoke  by 
a one-half  inch  bolt  of  stainless  steel  which  extends  through  the  yoke  end  the 
center  holes  of  the  Alnico  discs  and  into  the  pole  caps.  The  yoke  is  made  of 
k”*7"  Armco  iron  ground  flat  at  the  joints,  and  the  whole  assembly  appears  as 
shown  in  Figure  G. 
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Figure  G 

Tne  most  recent  of  the  field  strength  gave  5,052  gauss.  How- 

ever, the  field  strength  verea  with  temperature,  as  much  aa  three  gauss. 

Since  we  will  be  concerned  only  with  1 in*-  vuth?  the  actual  value  of  the  field 
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is  of  little  importance,  but  the  field  inhomogeneity  is  an  important  factor. 

The  best  spot  in  the  f ; -I d was  determined  by  trial  and  error,  and  was  found 
to  give  an  inhomogvneity  over  the  sample  of  less  than  0.25  gauss.  This  is  too 
small  to  affect,  the  line  shaped  and  second  moments  of  the  observed  samples,  so 
inhomogeneity  broadening  has  been  neglected  in  the  Calculations  of  results. 

Considerable  difficulty  was  experienced  in  obtaining  the  necessary 
homogeneity  of  the  magnetic  field.  The  Alnico  was  magnetized  at  first  by  a 
current  in  excess  of  1200  amperes  supplied  by  the  cyclotron  generator  at  the 
Nuclear  Physics  Laboratory*  To  protect  the  generator , the  current  was  inter- 
rupted after  less  than  one  second.  When  the  proton  line  was  first  observed  in 
a sample  of  water,  the  inhomogeneity  was  greater  than  two  gauss  over  the  area 
of  the  sample.  A discussion  with  Professor  B.  V.  Pound  of  the  Physics  depart- 
ment led  to  the  conclusion  that  the  original  magnetizing  current  had  been  left 
on  for  too  short  a period  to  allow  eddy  currents  in  the  Alnico  to  die  out. 

There  were  also  indications  that  the  pole  faces  were  not  parallel,  so  that 
shimming  of  the  pole  pieces  would  be  required*  It  was  therefore  necessary  to 
demagnetize  the  Alnico  so  that  the  magnet  could  be  dismantled*  It  was  also 
decided  to  rewind  the  magnetizing  coils  so  that  a generator  in  the  Department 
of  Chemistry  could  be  used  for  any  subsequent  magnetizations  or  demagnetiza- 
tions, and  to  widen  the  gap  from  the  original  3/h.  inches  to  l£  inches  in 
order  to  accommodate  a low-temperature  thermostat. 

The  available  generator  was  rated  at  120  volts  and  80  amperes.  Even 
with  the  use  of  a second  generator  for  external  excitation  of  the  generator 
field  the  maximum  current  that  could  be  obtained  from  the  generator  under 
overload  was  about  120  amperes  at  105  volts.  The  coils  were  wound  to  meet 
these  limits  and  to  satisfy  the  requirement  for  Alnico  V of  an  applied  magnetiz- 
ing force  of  at  least  6,060  ampere- turns  per  inch.  Thus  the  coils  were  re- 
quired to  have  a minimum  of  50  turns  per  in'h.  The  only  wire  available  under 


the  restrictions  on  the  purchase  of  copper  in  force  was  #17  solid  copper  wire. 
This  can  be  close -won;.-, .i  to  give  about  18  turns  per  linear  inch  in  a single 
layer,  so  a tripl®- layer  coil  was  required.  However,  it  was  necessary  in 
practice  to  vi;v’  sight  such  coils  and  connect  them  in  parallel  to  reduce  the 
total  resistance  sufficiently  to  use  the  full  current  output  of  the  generator 
Coil  forms  were  made  of  brass  sheet  and  were  constructed  to  fit  as  snugly  as 
possible  over  the  pole  pieces  of  the  magnet.  The  coila  were  then  wound  on  the 
forms  and  consist  of  eight  individual  three  layer  coils  close-wound  on  top  of 
each  other  and  connected  in  parallel.  The  two  sets  of  coils  were  connected  in 
series  during  the  magnetization  process,  and  the  current  was  applied  for  a 
sufficient  time  for  it  to  reach  a steady  value.  During  the  magnetization  pro- 
cess a set  of  thin  iron  plates  were  placed  in  the  air  gap  of  the  magnet  to  re- 
duce the  reluctance  of  the  magnetic  circuit,  thin  sheets  being  superior  to  a 
solid  iron  block  because  of  the  ease  of  removal  from  the  magnetic  field  after 
magnetization. 

The  pole  faces  were  adjusted  for  parallelism  before  the  second  magneti- 
zation. This  was  done  by  trial  and  error,  using  copper  shim  stock  between  the 
yoke  and  the  pole  pieces,  and  measuring  the  gap  spacing  at  several  points  with 
a set  of  Johanson  blocks  By  this  method  a difference  in  gap  width  between  the 
widest  and  narrowest  points  of  0.0007  inches  was  achieved.  The  final  result 
of  this  adjustment  and  proper  magnetization  procedure  was  the  field  strength 
and  inhomogene ity  given  above,  which  has  proved  satisfactory  for  line  shape 
and  line  width  measurements. 

For  certain  purposes  such  as  "chemical  shift"  studies  (M-2) 
or  determination  of  natural  line  widths  in  liquids  the  field  inhomo- 
geneity of  the  present  magnet  is  unsatisfactory.  It  could  best  be  im- 
proved by  extensive  reaodeliag  designed  to  iaprors  both  the  parallelism  of 
the  pole  faces  and  the  alignment  of  the  pole  pieces.  The  most  important 
change  would  be  to  mount  the  pole  pieces  against  pieces  A and  B of 
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flat  along  their  entire  length,  the  parallelism  of  the  ground  faces  will  be 
determined  by  the  relative  lengths  of  pieces  C and  D,  which  can  be  ground  to 
equal  length  with  almost  any  accuracy  desired.  The  parallelism  of  the  pole 
faces  will  then  be  determined  by  the  accuracy  of  the  grinding  of  the  Alnico 
discs  and  the  turning  of  the  pole  caps.  The  alignment  of  the  pole  pieces  can 
be  facilitated  by  drilling  oversized  holes  for  the  stainless  steel  bolts  so  that 
the  pole  pieces  can  be  moved  sideways  relative  to  each  other.  Final  adjustment 
of  the  parallelism  of  the  pole  faces  can  be  done  by  shimming  as  before.,  by 
rotation  of  the  pole  pieces  relative  to  each  other,  or  by  a combination  of  the 
two;  and  a tolerance  of  less  than  0.0001  inches  should  be  attainable  without 
excessive  difficulty.  Under  such  conditions,  the  field  inhomogeneity  should  be 
determined  largely  by  inhomogeneity  in  the  iron  of  the  pole  caps  and  this  can 
be  cor  ccted  by  hand  polishing  if  lower  inhomogeneity  is  required. 

F.  Gap  Units  and  Low  Temperature  Arrangements . 

The  original  gap  unit,  which  was  used  for  testing  of  the  apparatus 
and  for  a few  room  temperature  measurements,  was  constructed  in  a manner  identi- 
cal to  that  of  Watkins  (W-l).  A similar  Tinit  also  is  discussed  and  illustrated 
in  the  article  by  Pound  and  Knight  (P-5).  Most  of  the  results  reported  here 
were  obtained  with  the  low-temperature  arrangement  discussed  below,  so  no  further 
description  of  the  original  gap  unit  will  be  given  her**. 

The  low  temperature  gap  unit  is  shown  in  Figure  H.  The  Dewar  flask 
was  manufactured  by  the  H.  S.  Martin  company  of  Evanston,  Illinois.  An  appro- 
priate inner  diameter  of  the  stem  could  be  obtained  only  by  using  a Pyrex  test 
tube  instead  of  the  standard  Pyrex  tubing.  The  internal  arrangement  of  the 
sample  coil  and  thermocouple  leads  is  the  final  result  of  a series  of  trial 
arrangements.  The  sample  coil  must  be  shielded  from  the  coolant,  except  when 
liquid  nitrogen  is  used,  since  the  other  coolants  either  contained  hydrogen 
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(isopentane)  or  ware  polar  and  vould  have  adverse  electrical  effects  on  the 
coil.  It  vas  decided  to  use  a closed  system  for  all  lav  temperature  measure- 
ments, and  glass  vas  chosen  in  preference  to  copper  to  avoid  increasing  the 
coil-to-ground  capacitance.  Attempts  to  fix  the  sample  coil  rigidly  to  the 
glass  shield  and  to  use  a ground-glass  Joint  at  the  bottom  of  the  tube  for 
replacement  of  samples  failed  to  give  a leakproof  system,  so  the  present  arrange- 
ment vas  devised.  The  coil  and  thermocouple  must  be  vithdravn  from  the  tube  in 
order  to  change  samples,  but  vith  careful  handling  this  has  Ven  sat  isfactory. 

The  sample  containers  are  of  tvo  types.  The  samples  vhich  are  sensitive 
to  moisture  have  been  sealed  into  vials  made  of  6mm  Pyrex  tubing.  Other  samples 
are  placed  in  standard  l/8th  dram  vials.  In  the  latter  case  the  thermocouple 
can  be  embedded  in  the  sample;  otherwise  it  is  placed  in  contact  vith  the  glass 
vail  of  the  sample  tube. 

The  thermocouple  is  made  of  chromel-alumel  vire  and  is  connected  to  a 
Leeds  and  Korthrup  student  potentiometer.  The  calibration  table  for  the  ther- 
mocouple vas  taken  from  the  literature  (W-4),  and  vas  checked  at  both  -196°C 
and  -80°C.  Temperatures  have  been  read  to  vithin  one  degree,  although  somevhat 
better  accuracy  is  possible  from  the  potentiometer.  Hovever,  there  vas  alvays 
some  possibility  of  the  existence  of  temperature  differentials  betveen  the  ther- 
mocouple and  the  sample  vhen  these  vere  not  in  direct  contact,  so  it  is  felt 
that  readings  of  more  precision  than  one  degree  are  not  significant.  It  should 
be  pointed  out  that  under  normal  operating  conditions  the  heat  produced  by  the 
current  circulating  in  the  coil  is  negligible.  The  coil  has  an  inductance  of 
about  0.04  microhenries,  and  a d-c  resistance  of  about  0.01  ohms.  The  current 
through  the  coil  is  thus  about  20  ma  and  the  heat  dissipated  in  the  coil  is 
around  four  microwatts.  This  is  certainly  too  small  to  cause  any  measurable 
temperature  rise  in  the  coil  or  sample. 
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G.  Miscellaneous . 

1.  Frequent?  T^surecent . The  oscillator  frequency  is  measured  with  a 
Signal  Corps  BC-221-3  frequency  meter  which  is  coupled  loosely  to  the  plate  of 
the  second  r-f  amplifier  , V-3  (Figure  B) . This  arrangement  produces  a strong 
beat  signal  in  the  frequency  meter  output  without  disturbing  the  oscillator 
frequency.  A beat  signal  is  also  produced  in  the  r-f  amplifier  and  fed  through 
the  tuned  amplifier  to  the  monitor  oscilloscope.  This  signal  has  little  effect 
on  the  phase -sensitive  detector  because  it  is  strongly  ted  in  the  tuned 

amplifier  stage  except  for  the  brief  periods  when  it  r.as  nearly  the  same  fre- 
quency as  the  modulation  frequency.  However  it  affords  a second  check  on  the 
frequency  and  is  especially  useful  when  the  oscill.  .on  level  is  low  and  the 
beat  signal  in  the  frequency  meter  is  weak.  The  instant  of  zero  beat  can  be 
observed  either  in  the  frequency  meter  ou+^ut  or  on  the  oscilloscope  and  the 
recorder  chart  can  be  marked  with  the  aid  of  a switch  which  momentarily  connects 
one  of  the  recorder  input  terminals  to  ground  through  a 100K  resistor. 

The  precision  of  measurement  of  the  absolute  frequency  is  probably  not 
better  than  Jr  3Kc,  because  there  is  no  provision  made  in  the  meter  for  calibra- 
tion of  the  meter  frequency  against  an  absolute  standard  such  as  WWV.  However, 
frequency  differences  can  be  measured  with  the  precision  of  the  calibration  of 
the  meter  dial,  which  is  dr  400cps,  corresponding  to  a difference  of  0.1  gauss. 
The  actual  precision  is  probably  closer  to  Jr  0,2  gauss  because  of  other  random 
errors  associated  with  the  operation  of  bet,!'!  the  frequency  meter  and  the  oscil- 
lator unit. 

The  frequency  meter  was  designed  to  operate  from  battery  supplies  for 
both  the  filament  and  plate  voltages.  In  the  present  arrangement  the  filaments 
are  supplied  from  the  same  storage  battery  that  supplies  the  filaments  of  the 
B-F  unit,  but  the  plate  voltage  is  supplied  by  a small  power  supply  consisting 
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of  a half-wave  rectifier  and  a capacity- input  filter.  A-c  operation  of  the 
filaaenta  vaa  also  tried,  but  proved  unsatisfactory  because  of  the  large  amount 
of  60cps  hum  in  the  ice  ter  output. 

2.  Oscilloscope.  The  oscilloscope  used  for  monitoring  or  direct 
observation  of  narrow  lines  is  a Heathkit  Model  0-6.  It  has  proved  very  satis- 
factory for  the  purposes  mentioned,  especially  considering  its  cost.  However, 
it  is  not  equipped  for  photographing  the  trace.  A simple  arrangement  of  a 
metal  cone,  blackened  to  avoid  reflections,  and  an  Argue  C-3  camera  equipped 
with  a portrait  lens  has  given  fairly  good  pictures  of  the  oscilloscope  trace. 
However,  it  is  questionable  whether  a similar  arrangement  with  a movie  camera, 
used  to  make  direct  measurements  of  relaxation  times,  would  be  satisfactory. 

H.  Summary. 

The  apparatus  just  described  was  constructed  to  study  the  shapes  and 
widths  of  proton  absorption  lines  in  silicone  polymers,  and  has  proved  satis- 
factory for  this  purposes.  There  are,  however,  certain  limitations  to  the 
utility  of  the  apparatus  in  its  present  form.  It  is  not  suitable  for  relaxation 
time  studies  either  by  the  direct  method  or  the  saturation  method.  This  limi- 
tation could  be  removed  by  the  addition  of  a calibrator  unit  (W-l)  or  a suit- 
able photographing  arrangement  such  as  was  mentioned  above. 

Use  of  the  apparatus  for  the  study  of  electric  quadrupole  resonances 
would  be  possible  only  after  the  addition  of  a high  power  square  wave  modulator 
unit  and  special  sets  of  sample  and  modulation  coils.  Designs  for  such  units 
can  be  found  in  Watkins'  thesis  (W-l). 

We  have  already  mentioned  that  the  present  arrangement  of  the  modul- 
ation coil,  wound  around  one  pole  of  the  magnet,  puts  a definite  limit  on  the 
useful  modulation  amplitude  In  order  to  increase  this  limit,  and  also  to  make 
possible  the  use  of  square-wave  modulation,  it  would  be  necessary  to  wind  new 
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modulation  colls.  It  sterns  that  the  best  arrangement  would  be  to  wind  them  as 
Helmholtz  coils  according  to  Watkins’  specifications  and  tape  or  shellac  them 
against  the  pole  faces  of  the  magnet.  Such  coils  could  be  wound  with  a thickness 
less  than  the  height  of  the  shims  on  the  pole  faces,  and  therefore  would  not 
decrease  the  space  available  for  the  Dewar  flask.  They  would  also  cause  less 
pickup  at  the  modulation  frequency  in  the  sample  coil  and  cable  or  in  the  B-F 
unit.  It  should  be  pointed  out  that  the  problem  of  pickup  increases  as  the 
modulation  frequency  increases,  so  it  is  not  as  important  wha'.  a modulation 
frequency  of  30cps  is  used.,  as  is  done  by  many  other  investigators. 

The  final  limitation  is  that  imposed  by  the  minimum  oscillation  level 
of  the  oscillator.  The  saturation  factor  iT  (part  II)  is  proportional  to  the 
square  of  the  radiation  field  ^ , and  to  the  product  . To  avoid 

saturation  effects  Ht  must  be  decreased  as  increases,  which  usually 

happens  as  the  temperature  is  reduced  in  a given  sample.  It  has  been  observed 
that  water  and  certain  organic  liquids,  1,1,1-trichloroethane,  t-butyl  chloride, 
and  benzene  for  example,  have  fairly  long  relaxation  times,  so  long  that  satura- 
tion effects  could  not  be  avoided  with  this  apparatus.  At  low  temperatures 
these  effects  were  so  strong  that  signals  from  some  solid  organic  compounds 
could  barely  be  distinguished  from  noise.  Thus  an  important  experimental  pro- 
blem would  be  the  design  of  an  oscillator  which  could  operate  stably  at  very 
low  levels,  while  retaining  the  advantages  of  variable-frequency-fixed-field 


operat ion . 
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IV . BKSULTS  AND  DISCUSSION 


A.  Chronology 

Our  expressed,  purpose,  as  stated  in  the  introduction,  has  been  to 
investigate  the  question  of  internal  motion  in  organosiloxane  polymers  by 
the  application  of  the  nuclear  magnetic  resonance  absorption  technique.  Ve 
hope  to  obtain  evidence  which  will  aid  in  determining  which  of  the  two  theories, 
the  Both-Harker  "free-wheeling"  theory  or  the  Pauling-Zisman  coiling  hypotheeis 
best  describes  the  behavior  silicones.  The  materials  which  have  been  investi- 
gated in  this  research  were  chosen  with  this  purpose  in  mind.  However,  the 
development  of  the  problem  has  led  to  a choice  of  samples  whose  relation  to 
the  problem  is  not  always  obvious;  and  it  seems  to  the  writer  that  a brief 
discussion  of  this  development  is  in  order. 

The  first  materials  chosen  for  study  were,  obviously,  silicone 
rubber  and,  less  obviously,  hexamethylcydotrisiloxane  (cyclic  trimer) . 

The  latter  compound  was  selected  because  it  is  a solid  at  room  temperature, 
it  is  easily  purified,  and  especially  because  it  is  a cyclic  compound  and 
therefore  cannot  coil  according  to  the  Pauling-Zisman  hypothesis  although 
it  might  still  Bhow  restricted  motion  of  the  type  postulated  by  Both  and 
Harker. 

Boom  temperature  studies  showed  that  silicone  rubber  has  a narrow 
liquid-like  line  indicating  a considerable  amount  of  motion.  However, 
natural  rubber  also  has  a narrow  resonance  line  at  room  temperature,  so  this 
fact  by  itself  is  of  little  significance.  On  the  other  hand,  the  cyclic 
trimer  has  a broad  resonance  line  at  room  temperature  with  no  evidence  of 
fine  structure  in  the  line  shape.  This  result  was  unexpected  and  led  to 
the  investigation  of  other  cyclic  dimethyl  siloxanes. 
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Upon  completion  of  the  low-temperature  arrangements,  the  samples 
of  silicone  rubber  and  the  cyclic  trimer,  tetramer*  and  pentamer  were  investi- 
gated at  7?°K  ( 196°C).  At  this  temperature  all  the  samples  yield  practically 
identical  line  shapes,  broad  smooth  curves  with  no  evidence  of  fine  structure, 
and  nearly  identical  second  moments.  The  second  moments  are  about  one-half 
that  expected  for  a rigid  lattice,  so  we  may  conclude  that  some  motion  still 
persists  in  these  materials  even  at  a temperature  which  1?  at  least  150  degrees 
below  the  melting  point,  and  as  much  as  260  degrees  in  the  case  of  the  cyclic 
trimer.  Gutowsky  (G-l)  found  that  rotation  or  tunneling  of  methyl  groups  in 

such  compounds  as  methyl  and  ethyl  alcohol , the  ethyl  halides,  acetone,  methyl 
chloroform,  and  acetonitrile,  ceases  at  temperatures  only  100  to  150  degrees 
below  their  respective  melting  points.  We  thus  have  an  indication  of  an 
unusual  mobility  of  the  protons  in  the  organosiloxanes . However,  the  lack 
of  fine  structure  in  the  absorption  lineB  makes  a determination  of  the  type 
of  motion  uncertain. 

The  uncertainty  of  any  conclusions  based  on  second  moment  data 
alone  led  to  the  next  change  in  the  scope  of  the  investigation.  A group 
of  organosilicon  compounds  were  sought  which  would  have  structures  simple 
enough  to  yield  good  line  shape  information.  It  also  seemed  advisable  to 
investigate  some  compounds  which  did  not  contain  Si  0 bonds  in  order  to 
determine  whether  the  siloxane  linkage  would  show  any  significant  effects 
on  the  molecular  motion.  These  requirements  are  fulfilled  by  the  methyl- 
chlorosilanes.  Two  other  compounds,  methoxytrichlorosilane  and  hexamethyldi- 
siloxane,  were  also  investigated  as  the  simplest  compounds  containing 
siloxane  linkages  which  were  or  could  be  made  available. 

The  results  obtained  from  the  abovementioned  compounds  will  be 

29 

discussed  below.  The  contributions  of  the  chlorine  nuclei  and  Si  to  the 
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second  moment b have  been  neglected.  Their  maximum  contribution  to  the  rigid 

2 

lattice  second  moment  would  be  around  0.1-0. 2 gauss  , and  would  be  consider- 
ably less  when  the  methyl  group  is  in  motion.  In. the  interpretation  of  line 
shapes  their  contribution  is  included  in  the  broadening  factor 

The  arrows  in  the  center  of  each  derivative  curve  indicate  the 
modulation  width  used. 

B.  The  Monomethyl  Compounds 

1.  1.1 .1-triehloroath/me  (methyl  chloroform)  has  been  investigated 

by  Outowsky  and  Fake  (0-2 ,0-3).  It  has  been  repeated  here  as  a check  on  the 
apparatus  and  also  as  an  illustration  of  the  line  shape  to  be  expected  from 
a rigid  methyl  group.  The  line  shape  obtained  in  this  investigation  is  shown 
in  Figure  I superimposed  on  that  obtained  by  Outowsky.  The  comparison  between 
the  two  sets  of  data  is  particularly  interesting  because  the  apparatus  used 
was  quite  different  in  each  case.  Outowsky  and  Pake  used  a bridge  technique, 
maintaining  a fixed  radiofrequency  and  varying  the  magnetic  field,  whereas 
the  present  investigation  involves  the  fixed-field  variable-frequency  tech- 
nique developed  by  Pound. 


Figure  Is  Line  Shape  Derivative  Curve  for 


1>1»3— trichloroethar.e 
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Qualitatively  the  two  derivative  curves  are  quite  similar.  The 
differences  may  be  accounted  for  by  tvo  factors , the  difference  in  the 
temperatures  of  observation,  and  saturation  of  the  sample  in  the  results 
obtained  in  this  investigation.  Saturation  of  the  sample  can  be  expected 
to  cause  some  broadening  of  the  line  as  veil  as  a decrease  in  amplitude. 

Both  effects  were  observed,  the  broadening  being  apparent  from  Figure  Z. 

The  decrease  in  signal  strength  made  the  experimental  detemination  of  the 
line  shape  extremely  difficult.  When  the  oscillation  level  in  the  sample 
coil  was  set  at  the  same  value  as  that  used  for  the  organo silicon  compounds, 
the  signal  was  barely  distinguishable  from  noise.  Decreasing  the  oscillation 
level  to  the  lowest  value  obtainable  from  the  apparatus  improved  the  sensi- 
tivity but  never  to  a point  comparable  to  that  obtained  from  the  silicon- 
containing  samples. 

The  ease  with  which  the  sample  of  methyl  chlorofozm  saturates 
provides  another  example  of  the  increased  mobility  the  organosilicon 
compounds.  Saturation  of  the  sample  results,  among  other  things,  from 
long  relaxation  times;  and  the  relaxation  process  requires  the  existence 
of  fluctuating  magnetic  fields  which  are  the  result  of  vibration  or  rotation 
of  the  atoms  m the  sample. 

The  effect  of  temperature  is  most  noticeable  in  the  central  peak, 
which  is  markedly  broader  at  77°X  than  at  90°X.  Second  moment  data  also 
indicate  the  residual  motion  in  the  sample  has  been  decreased  by  the  drop 
in  temperature.  If  we  assume  that  the  methyl  group  has  the  same  C-H  dis- 
tance as  in  methane  (1.09*+  &.  (H-l))  and  tetrahedral  angles,  the  proton- 

proton  distance  will  be  1.79i.  = 3.69  gauss,  and  the  intr«olecular 

2 

second  moment  is  21.8  gauss  . The  inter*?lec\u.*  contribution  to  the 
second  moment  has  been  determined  by  Andrew  from  the  line  shape  to  be 


» 
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2 2 
2.1  gauss  (A  ll  leading  to  a total  second  moment  of  23.9  gauss  . Out owsky 

2 

obtained  an  experimental  second  moment  of  18.7  gauss  , which  is  significantly 

less  than  the  theoretical  value.  The  second  moment  obtained  from  this  invest!- 
0 2 

gat  ion  at  77  & was  21.7  gauss  , which  though  still  low  is  rapidly  approaching 
the  value  predicted  for  a rigid  methyl  group.  We  may  thus  assume  that  methyl 
chloroform  has  an  essentially  rigid  lattice  at  77°X. 

2.  Hethyltrichlorosilane.  The  experimental  derivative  curve,  shown 
in  figure  II,  illustrates  the  effect  on  the  line  shape  of  restricted  motion  of 
the  methyl  group.  The  line  shape  is  compressed  by  a factor  of  two  in  the  hori- 
zontal direction,  and  the  amplitude  of  the  subsidiary  peaks  is  markedly 
decreased  from  that  obtained  for  a rigid  methyl  group. 


Figure  II s Line  Shape  Derivative  Curve  for 
kethyltrichlorosilane 

o 

The  second  moment  of  the  experimental  curve  is  3.55  gauss  . If  we 


assume  as  before  that  the  methyl  group  has  the  same  configuration  as  in 
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methane,  ve  fini  that  the  second  moment  is  only  O.I63  time  the  computed 
intramolecular  value  for  a rigid  methyl  group,  and  is  less  than  that  pre- 
dicted for  rotation  or  tunneling  of  the  methyl  group  about  the  Si-C  bond. 
This  still  includes  the  contribution  from  intermolecular  broadening,  which 
must  be  subtracted.  Sstimates  of  the  broadening  parameter  by  the  use  of 
equations  (7-25)  to  (7-27),  Part  IX,  place  the  value  of  (S’  between  1.0 
and  1.4  gauss;  thus  from  equation  (7-24),  Part  XX,  the  intramolecular  part 
of  the  second  moment  should  be  2.6-3.1  gauss  , and  % r;  ^ = 

0.12-0.14.  From  Figure  16,  Part  XI,  we  find  that  this  is  consistent  with 
rotation  of  the  molecule  about  an  arbitrary  axis  with  £ between  24  and 
28  degrees,  or  between  54  and  57  degrees.  Another  possibility  is  obtained 
from  Figure  18,  Part  II,  rotation  of  the  methyl  group  about  the  Si-C  bond 
and  simultaneous  rotation  of  the  molecule  about  an  axis  such  that  £ is 
between  24  and  27  degrees. 

It  should  now  be  possible  to  compute  theoretical  line  shapes  and 
their  derivatives  for  the  three  possibilities  just  mentioned,  for  several 
values  of  in  the  range  0.27-0.38;  and  by  comparison  with  the  experi- 

mental derivative  curve  select  the  most  likely  values  for  S and  ^ as 
well  as  choose  between  single  and  double  rotation  of  the  methyl  group. 
Considering  the  mass  of  infozmatlon  already  obtained  from  the  second  moment 
data  and  the  line  shape,  it  is  singularly  unfortunate  that  none  of  the 
possibilities  mentioned  yields  a reasonable  fit  with  the  experimental  curve. 
In  general,  the  theoretical  curves  calculated  from  the  estimates  made  above, 
deviate  from  the  experimental  curve  in  two  ways.  They  do  not  exhibit  fine 
structure  to  an  appreciable  extent  or  if  the  fine  structure  is  noticeable 
the  maxima  of  the  side  peaks  occur  much  too  close  to  the  central  maximum. 
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Attempts  to  fit  the  calculated  cunres  by  varying  the  ralue  of  do  not 
yield  any  improvement  without  making  drastic  assumptions  concerning  the  bond 
distances  and  the  valence  angles  of  the  methyl  group.  In  one  case  an  approxi- 
mate agreement  can  be  reached  if  we  assume  that  ^ ^ 4.3  gauss.  This  would 

require  either  that  the  C-H  bond  distance  be  shortened  to  1.04&  or  that  the 
H-O-H  bond  angle  be  decreased  to  about  102  degrees  or  that  both  be  adjusted 
to  some  intermediate  value.  However,  it  seems  more  likely  that  in  the  presence 
of  the  positive  Si  atom  the  C-H  distance  would  increase.  Also  the  H-C-H  angle 
in  ethane  is  somewhat  larger  than  tetrahedral  (H-l)  and  by  analogy  we  might 
expect  that  any  change  in  this  angle  in  other  compounds  containing  methyl 
groups  would  be  in  the  same  direction.  Thus  it  seems  reasonable,  in  the 
absence  of  positive  evidence  to  the  contrary,  to  assume  that  the  bond  distances 
and  angles  of  the  methyl  group  are  as  postulated  previously.  We  must  then  look 
elsewhere  for  a way  to  make  theory  agree  with  experiment . 

By  the  simple  expedient  of  ignoring  the  second  moment  data  and 
relying  on  Intuition  it  becomes  possible  to  postulate  that  the  methyl  group 
is  rotating  only  about  the  Si-0  bond.  The  barrier  to  such  rotation  or  tun- 
neling of  the  methyl  group  should  be  low  because  the  Si-C  bond  and  8i-Cl 
bonds  are  considerably  longer  than  the  corresponding  C-C  and  C-01  bonds  in 
methyl  chloroform  and  thus  the  barrier  produced  by  the  chlorine  atoms  should 
be  reduced. 

A series  of  derivative  curves  were  computed  using  this  latest 
assumption  and  several  values  of  between  0.25  and  0.40.  The  closest 

correlation  was  obtained  when  ^/o(.  0.36.  This  curve  is  represented  by 
the  dashed  line  in  figure  II.  She  points  of  discrepancy  are  the  tails  of 
the  curve  and  the  minima  at  ±2.8  gauss.  However  the  spacings  of  both  the 
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central  and  aids  p-j&fcs  are  quite  close.  The  absence  of  the  long  tails  accounts 
for  the  very  low  values  of  the  second  moments  calculated  from  the  experimental 
curve. 

JLs  we  shall  see  when  we  discuss  me thoxytrichloro silane,  we  cannot 
assume  that  the  tails  of  the  curve  were  lost  in  the  background  noise  on  the 
recorded  trace,  since  the  tails  are  visible  in  the  curves  obtained  from 
methoxytrichloro8ilane.  However,  it  seems  probable  that  +_v>ere  is  some  low- 
frequency  motion  of  the  molecule  about  axes  perpendicular  to  the  Si-C  bond, 
since  methyltrichlorosilane  is  a nearly  symmetrical  molecule.  Such  motion, 
if  of  sufficiently  low  frequency,  might  cause  the  observed  decrease  in  the 
second  moment  as  well  as  the  loss  of  the  tails  of  the  derivative  curve  without 
otherwise  affecting  the  line  shape  appreciably. 

It  is  also  quite  possible  that  our  assumption  of  a Gaussian  broad- 
ening function  to  account  for  intermolecular  interactions  is  not  a good 
approximation.  Fake  and  Purcell  (P-7)  have  pointed  out  that  this  type  of 
function  is  based  on  the  assumption  that  there  are  a large  number  of  near 
neighbors  about  each  absorbing  nucleus  which  add  to  the  strong  external 
field.  It  would  seem  likely  that  this  assumption  would  be  less  valid  when 
the  broadening  from  such  neighbors  is  small,  as  in  the  present  case,  and 
would  be  an  increasingly  better  approximation  as  (9  increases. 

3*  Methoxytrichlorosilane.  The  observed  derivative  curve  is 
shown  in  Figure  III  The  theoretical  curve,  represented  by  the  dashed 
line,  was  computed  assuming  rotation  of  the  methyl  group  about  the  C-C 
bond  and  a broadening  factor  of  0.36.  It  can  be  seen  that  theory 
and  experiment  agree  more  closely  than  in  the  previous  case. 
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Figure  Ills  Line  Shape  Derivative  Curve  for 
Me thoxyt ric hloro s ilane 


2 

The  experimental  second  moment  is  7.3  gauss  , which  is  corrected 
2 

to  6.3  gauss  when  the  intermolecular  broadening  is  subtracted.  The  theo- 
retical second  moment  for  rotation  about  the  C-0  bond  is  one-fourth  the  rigid 

2 

lattice  second  moment,  or  5*5  gauss  . The  agreement  is  not  remarkable,  unless 
perhaps  in  comparison  to  the  previous  case.  However,  the  experimental  second 
moment  is  controlled  largely  by  the  long,  low-amplitude  tails  in  which  the 
experimental  error  is  likely  to  be  large.  Thus  the  assumption  of  rotation 
of  the  methyl  group  about  the  0-0  axis  seems  to  be  well  supported  by  the  data. 

Zt  is  interesting  to  note  that  there  is  apparently  less  residual 
motion  in  methoxytrichloro silane  than  in  methyltrichlorosilane  at  77°H.  On 
the  basis  of  the  Both-Harker  theory  it  might  be  expected  that  the  Si-0  bond 
would  be  somewhat  flexible  and  peimit  the  methyl  group  to  "waggle" . This  is 
apparently  not  the  case,  at  least  at  the  temperature  of  these  observations. 
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C . Plmethvldlohlo?  ilMft 

The  replacement  of  one  of  the  ohlorlne  atoms  of  methyltrichloro- 
•ilane  by  a methyl  group  produces  a marked  change  in  the  proton  line  shape 
of  the  sample.  This  is  illustrated  by  the  experimental  derivative  curve 
for  dimethyldichlorosilane  shown  in  figure  17. 


Figure  IV:  Line  Shape  Derivative  Curve  for  ’Methyl'-  chlorosilane. 


Qualitatively, the  derivative  curve  is  about  as  ne  would  expert. 

The  line  has  been  broadened  and  the  fine  structure  largely  masked  by  the 
addition  of  the  second  methyl  group.  This  can  be  considered  as  a combina- 
tion of  two  effects „ the  interaction  between  the  wo  me-hyl  groups  in  the 
same  molecule  and  the  reduced  shielding  of  the  methyl  groups  by  the  chlorine 
atoms. 

The  second  moment  computed  from  the  experimental  .u^es  has  an 
2 

average  value  of  6.9  gansa  , which  is  significantly  higher  than  the  second 
moments  of  the  methyl  and  methoxytrlchlorosilaue.  However  the  broadening 
parameter  @ has  increased  to  a value  of  approximate: y Z.k  gauss,  and  the 
removal  of  its  contribution  to  the  second  moment  yields  on  experimental 


120 
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estimate  of  th«  intramolecular  second  moment  of  4.0  gauss  . The  theoretical 
intramolecular  second  moment  can  be  computed  from  the  electron  diffraction 
data  (L-l)  with  the  assumption  that  the  methyl  group  has  the  same  configura- 
tion as  previously  assumed.  Again  we  shall  neglect  the  chlorine  contribution. 
There  are  three  possible  configurations  of  the  methyl  groups  with  respect  to 
each  other,  one  staggered  and  two  eclipsed  with  the  staggered  configuration 
having  the  least  potential  energy.  Tor  a C-Si  bond  distance  of  1.83&  and  a 

tetrahedral  C-Si-C  bond  angle,  equation  (2-6),  Part  XX,  yields  a rigid  lat- 

2 

ties  second  moment  of  23 .0  gauss  for  the  staggered  configuration  and  23. 1 
23.4  gauss2  for  the  two  eclipsed  configurations.  Thus  =• 

0.171  -0.174,  which  is  less  than  that  predicted  for  rotation  of  the  methyl 
groups  about  the  C-Si  bond.  Ve  have  assumed  that  the  interactions  between 
the  methyl  groups  are  decreased  in  the  same  proportion  as  the  int ra- group 
interactions,  in  accord  with  Andrew's  calculations  (Ar-2). 

Attempts  were  made  to  fit  the  experimental  curve  in  the  same  manner 
as  described  above  for  methyltrichlorosilane.  The  result  was  again  unsatis- 
factory, for  the  same  reasons.  The  assumption  of  double  rotation  yields  a 
theoretical  derivative  curve  without  any  indications  of  fine  structure, 
while  the  theoretical  curve  for  rotation  of  the  molecule  about  an  arbitrary 
has  very  slight  indications  of  side  peaks  at  spacings  considerably  less  than 
those  of  the  experimental  curve.  Zn  this  case  the  theoretical  curve  for  the 
assumption  of  methyl  group  rotation  or  tunneling. is  equally  unsatisfactory, 
the  side  peaks  of  the  theoretical  curve  being  reduced  to  mere  inflections 
of  the  curve  although  these  are  at  approximately  the  desired  spacing.  There 
is,  of  course,  the  possibility  that  the  molecule  is  rotating  as  a whole  about 
* one  of  the  C-Si  bonds,  in  which  case  the  line  shape  will  be  composed  of  the 
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curve  for  methyl  group  rotation  plue  the  curve  for  rotation  of  the  other 
methyl  group  such  that  S is  one-half  the  tetrahedral  angle.  7isual 
correlation  of  these  two  curves  indicated  that  this  combination  would  yield 
no  better  fit  than  the  previous  attempts.  There  is  thus  considerable 
ambiguity  in  the  interpretation  of  the  line  shape  of  dimethyldichlorosllane. 
However,  the  conclusions  reached  with  regard  to  methyltrichlorosllane  suggest 
that  the  most  reasonable  interpretation  of  the  data  is  that  the  methyl  groups 
are  tunneling  about  the  C-Si  bond  with  some  residual  motion  of  the  whole 
molecule  at  a very  low  frequency.  Zt  can  be  seen  from  figures  ZZ  and  Z7 
that  this  interpretation  of  the  data  is  at  least  consistent.  Zn  both  cases 
we  must  assume  that  there  is  some  low  frequency  rotation  of  the  molecule  as 
a whole,  and  that  this  motion  is  sufficient  to  reduce  the  second  moment  and 
accentuate  the  fine  structure  of  the  experimental  derivative  curve  without, 
however,  appreciably  affecting  the  spacings  of  the  maxima. 

D.  The  Trimethyl  Compounds 

1.  Trimethylchlorosllane.  The  presence  of  the  third  methyl 
group  in  trimethylchlorosllane  increases  the  intermolecular  broadening 
and  the  Interactions  between  methyl  groups  on  the  same  silicon  atom  to 
such  an  extent  that  the  line  structure  is  completely  masked.  This  is 
shown  by  the  experimental  derivative  curve  in  figure  7. 

The  second  moment,  after  correction  for  intermolecular  broad- 

2 

ening,  is  found  to  be  5.2  gauss  , which  is  only  slightly  less  than  the 
value  expected  for  tunneling  of  the  methyl  groups.  On  the  assumption 
that  such  tunneling  is  the  predominant  type  of  motion  theoretical  derivar- 
tire  curves  were  calculated  for  the  two  broadening  factors  (&=  0-8 
and  1.0,  and  these  were  compared  with  the  experimental  curve.  Zt  was 
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found  that  the  lat'-sr  compared  veil  in  overall  form  with  either  of  the 
curves,  and  that  the  peak  of  the  experimental  derivative  curve  at  2.6  gauaa 
fell  between  the  values  of  2.1  and  3,2  gauss  for  the  theoretical  curves  for 
3=.  0.8  and  1.0  respectively.  Thus  the  approximate  estimate  of 
.85  is  consistent  with  the  theoretical  curves. 

Once  again  the  tail  of  the  experimental  curve  cuts  off  more 
abruptly  than  theory  would  indicate.  This  can  be  internr^-ed  as  before 
as  indicating  the  existence  of  some  low  frequency  motion  of  the  molecule 
as  a whole,  which  is  consistent  with  the  slightly  low  value  of  the  second 
moment . 


Figure  V?  Line  Shape  Derivative  Curve  for  TrimetUylchlorosilane 


2.  Hexamethvldisiloxane . The  derivative  curve  for  this 
compound  is  shown  in  Figure  71. 

The  comparison  between  the  theoretical  and  experimental  curves 
may  be  summarized  as  follows.  Evaluations  of  from  the  experiment  ad 
curve  led  to  aui  estimate  of  0.95  for  the  broadening  factor.  This  is 
consistent  with  the  shape  of  the  two  theoretical  curves  mentioned  in  the 
previous  section  with  regard  to  the  location  of  the  peak  of  the  experi- 
mental curve.  However,  the  tadl  of  the  experimental  curve  falls  off  more 
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abruptly  than  tha  theoretical  curre  would  indicate.  At  the  aane  time  the 

2 

corrected  experimental  aecond  moment  haa  the  very  low  value  of  3»0  gauea  , 
which  ia  about  the  same  aa  that  computed  for  methyltrichloroailane.  Thus 
there  must  be  considerable  motion  in  addition  to  the  tunneling  of  the  methyl 
groups.  Ihe  assumption  that  the  molecule  is  rotating  as  a whole  about  an 
axis  perpendicular  to  the  Si-C  bond  yields  a theoretical  derivative  curve 
in  which  the  tail  falls  off  faster  than  that  of  the  exp?-:  ”'*ntal  curve,  if 
we  assume  that  06  has  the  value  1.3°  Thus  we  ones  again  have  a case  in 
which  a good  correlation  of  theory  and  experiment  is  not  obtainable  on  t lie 
basis  of  the  specific  types  of  motion  postulated. 


Figure  Vis  Line  Shape  Derivative  Curve  for  fiexamethyldii..loxane. 

There  is  still  the  possibility  that  there  is  rotational  oscillation 
of  the  methyl  groups  in  addition  to  tunneling  about  the  C Si  >ond.  -.1  terms 
of  the  second  moment  data  this  would  require  that  -"f  b*  at  least  **0  degrees. 
The  line  stupe  ie  of  no  use  in  determining  whether  rotational  oscillation  is 
taking  place,  except  for  the  negative  evidence  that  the  o>  served  derivative 
curve  cannot  be  fitted  by  theoretical  curves  on  the  basis  of  rotation  alone. 
Eowever,  other  structural  evidence  suggests  .hat  rotational  oscillation  le 
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not  lnpoooiblo.  The  Si-O-81  bond  ancle  hae  been  estimated  by  both  electron 
diffraction  and  dipole  aoment  studies  (B-l),  and  has  been  variously  deter- 
mined to  be  anywhere  from  l4o  to  180  degrees.  The  latter  value  van  deter- 
mined from  the  dipole  aoment  in  the  gas  phase  (0-1).  The  large  value  of 
this  angle  compared  to  that  found  in  organic  ethers,  as  well  as  the  con- 
siderable dispersion  in  the  results,  suggests  that  there  is  considerable 
flexibility  of  the  Si-0  bonds;  this  may  be  considered  aa  an  indication 
of  rotational  oscillation  about  an  axis  perpendicular  to  the  Si-Si  axis 
in  the  molecule.  However,  it  must  be  admitted  that  this  is  a highly  specu- 
lative conclusion,  in  the  absence  of  further  evidence. 


X.  The  Cyclic  Siloxanes 

Three  of  the  cyclic  siloxanes  have  been  investigated  in  this 
research,  hexamethylcyclotrisiloxane  (trimer),  octamethylcyclotetrar- 
slloxane  (tetramer),  and  decamethylcyclopentasiloxane  (pentamer).  Because 
of  the  similarity  of  their  absorption  lines  they  will  be  considered 
together.  Before  considering  the  nuclear  resonance  data,  let  us  review 
the  structural  information  obtained  by  other  methods. 

The  structure  of  the  cyclic  trimer  has  been  determined  by  both 
electron  diffraction  (A-3)  sad  x-ray  diffraction  (P-8).  In  addition  we 
may  consider  the  x-ray  diffraction  studies  on  octamethylspiropenta- 
siloxane  by  Both  and  Barker  (B-3)  since  this  compound  may  be  considered 
to  consist  of  two  trimer  rings  with  a common  silicon  atom  (see  figure 
1-4,  Part  1).  The  results  are  summarized  in  Table  Z. 

All  investigators  have  concluded  that  the  ring  is  planar,  with 
the  carbon  atoms  arranged  symmetrically  above  and  below  the  plane  of  the 
ring.  The  silicon-oxygen  bond  distance  is  considerably  less  than  the  sum 
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of  the  covalent  radii  indicating  that  there  ia  considerable  ionic  character 
in  the  silicon-oxygen  bond.  There  is  some  disagreement  about  the  Si-C  bond 
distance.  The  electron  diffraction  data  for  the  trimer,  which  was  obtained 
from  the  vapor,  and  the  x-ray  data  on  the  spirosiloxane  yield  a value  which 
is  less  than  the  jum  of  the  covalent  radii  (1.94&),  whereas  the  x-ray  investi- 
gation of  the  trimer  detenu. .nes  this  distance  as  bein’  significantly  greater 
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finally  it  sho  '■  oe  p<  . at  no  transitions  were  found 

in  the  trimer  by  th«  v * ere  extended  to  the  temperature 

of  liqyM  oxygen. 

The  detailed  investigation  of  the  cyclic  tetramer  is  now 

in  the  process  ,/  prepa*at.  . . However,  preliminary  results  indicate 

that  there  ie  & .ransitir^  r ;t  -16°0.  The  x-ray  data  indicate  that 
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above  the  transition  point  there  ie  angular  precession  of  the  methyl  groups 
similar  to  that  proposed  by  Both  and  Barker  but  that  there  is  no  precession 
below  the  transition  point.  Boffaan  has  determined  the  dieleetrle  constant 
of  the  tetramer  in  the  region  of  the  transition  point  (H-2).  Be  finds  a 
break  in  the  dielectric  constant  curve  at  -16.30°C,  which  he  explains  as  due 
to  a change  in  volume  of  the  sample.  The  change  in  volume  is  in  turn  assumed 
tc  be  caused  by  the  onset  of  molecular  rotation.  Returning  to  the  x-ray 
investigation,  the  preliminary  studies  indicate  that  the  ring  in  the  tetramer 
molecule  is  nearly  planar.  The  silicon  atomB  are  all  coplanar,  and  the  oxygen 
atoms  are  slightly  above  or  below  the  plane  or  both.  This  would  indicate  that 
the  Si-O-Si  bond  angle  is  somewhat  lees  than  l6o°C. 

The  structure  of  the  cyclic  pentamer  has  not  yet  been  determined. 

7rom  the  tentative  structure  of  the  tetramer  we  may  assume  that  the  various 
bond  distances  and  angles  will  be  about  the  same  as  those  in  the  tetramer, 
so  the  ring  will  be  more  puckered.  Zt  does  not  necessarily  follow  that  the 
silicon  atoms  will  be  coplanar. 

The  nuclear  resonance  data  for  the  cyclic  siloxanes  are  shown  in 
figures  Til,  Till,  and  ZZ.  The  line  shape  derivative  curves  at  77°Z  are  all 
very  similar;  within  the  limits  of  the  experimental  error  they  may  be  con- 
sidered as  identical.  The  spacing  between  the  maxima  is  somewhat  larger  for 
the  tetramer  curve  than  for  the  others,  and  the  second  moment  is  also  larger. 
Bowever,  this  could  easily  be  caused  by  a difference  in  the  field  inhomogeneity 
because  the  location  of  the  coll  in  the  magnet  gap  could  not  be  set  exactly. 

The  second  moments  before  and  after  correction  for  intermolecular  broadening 
are  given  in  Table  II. 
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Compound 

Trimer 

2 

9.4  gauss 

2.9  gauss 

5.2 

gauss' 

Tetramer 

2 

10.2  gauss 

3.1  gauss 

5.4 

gauss' 

Pentamer 

9.7  gauss2 

2.9  gauss 

5.5 

gauss' 

Table  IZ 


The  corrected  values  of  Table  ZZ  are  to  be  compared  with  the  value* 
2 

5.45  gauss  , which  is  the  theoretical  second  moment  to  l*  expected  for  an 
isolated  methyl  group  tunneling  about  the  C-Si  bond.  The  agreement  is  sur- 
prisingly good,  furthermore,  the  line  shape  computed  on  the  basis  of  such 
motion  and  using  the  broadening  factor  ^ — 0.80  ((5*  — 2.9 5 gauss)  agrees 
equally  well  with  the  experimental  curves,  the  deviations  being  too  minute 
to  be  visible  when  the  line  shape  is  plotted  to  the  scale  of  the  figures. 
Thus  we  may  confidently  say  that  the  only  motion  within  the  cyclic  siloxanes 
at  77°I  is  rotation  or  tunneling  of  the  methyl  groups  about  the  C-Si  bonds. 

The  temperature  dependence  of  the  line  widths  obtained  from  these 
compounds  is  also  shown  in  the  figures.  These  were  obtained  by  chilling  the 
sample  to  77°K  and  sweeping  the  oscillator  frequency  back  and  forth  across 
the  absorption  line  as  the  sample  warned  up  in  the  Dewar  flask.  The  line 
width  is  taken  to  be  the  distance,  in  gauss,  between  the  maximum  and  minimum 
of  the  derivative  curve,  in  conformity  with  the  usual  practice. 

Considering  the  pentamer  first  (figure  IZ)  we  find  that  the  line 
width  decreases  from  5*1  to  4.3  gauss  between  ?7°Z  and  170°Z.  This  can  be 
attributed  to  low  frequency  motion  of  the  molecule  or,  possibly,  rotational 
oscillation  of  the  methyl  groups  with  an  amplitude  of  perhaps  5-10  degrees. 
Such  a conclusion  is  purely  speculative.  Zt  is  certain  that  some  additional 
motion  is  present  to  cause  the  observed  decrease  in  the  line  width,  but  it 
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is  probable  that  such  notion  la  at  rary  low  frequencies.  Troa  170°I  to 
the  melting  point  of  the  compound  at  247°X  (-26°C)  the  line  width  apparently 
remain*  constant.  At  the  melting  point  the  line  width  decreases  sharply  to 
a ralue  determined  by  the  magnetic  field  inhomogeneity.  This  is  quite  normal 
behavior  for  a compound  which  is  not  spherically  symmetrical  and  which  thus 
is  not  likely  to  rotate  appreciably  in  the  solid  state.  On  the  other  hand 
the  cyclic  trimer  and  tetramer  yield  temperature  dependence  curves  which  are 
starsling,  to  say  the  least. 

Below  240 °X,  the  temperatnre  dependence  of  the  line  widths  of  the 
trimer  and  tstramer  samples  is  analogous  to  that  of  the  pentamer.  There  is 
a gradual  decrease  in  the  line  width  between  77°I  and  about  200°X  after  which 
the  line  width  remains  constant  over  about  a 40  degree  range.  However,  the 
sudden  increase  in  the  line  width  observed  in  both  samples  is  unique.  There 
seems  to  be  only  one  other  case  of  this  type  reported.  Alport  (A-4)  has 
reported  a similar  occurrence  in  his  investigation  of  hydrogen  selenide,  but 
considers  that  the  presence  of  HC1  as  an  impurity  in  the  sample  may  be  the 
cause  of  the  anomaly.  There  is  little  possibility  that  impurities  could  be 
the  cause  in  the  present  research.  The  sasples  had  been  redistilled  before 
their  use,  and  in  the  case  of  the  trimer  two  different  samples  hare  been  used. 

The  increase  in  line  width  of  the  cyclic  tetramer  occurs  at  about 
-l6°C,  which  is  also  a transition  temperature  for  this  material.  Zt  must 
therefore  be  associated  with  the  transition,  and  must  involve  either  a 
restriction  of  the  motion  that  is  already  present  at  lower  temperatures  or 
a marked  increase  in  the  interaolecular  broadening.  The  increase  in  volume 
at  the  transition  point  which  has  been  observed  by  Hoffmann  seems  to  rule 
out  the  possibility  that  the  interactions  between  the  methyl  grotqps  of  dif- 
ferent tetramer  molecules  could  be  increased , so  we  consider  that  the 


132 

increase  in  the  line  width  is  due  to  tone  cause  which  is  purely  intra- 
molecular . 

The  Both-Harker  theory  offers  a possible  explanation  of  the 

experimental  results.  Let  us  assume  that  above  the  transition  temperature 

of  the  tetramer  the  methyl  groups  swing  back  and  forth  about  the  Si-0  bonds. 

They  will  be  restricted  in  this  motion  by  the  methyl  groups  attached  to  the 

other  silicon  atoms  in  the  same  molecule,  because  any  rue'-,  flopping  will 

decrease  the  distance  between  some  pair  of  methyl  groups.  Thus  the  time 

average  distance  between  the  methyl  groups  in  the  same  molecule  will  be 

decreased.  This  will  tend  to  increase  the  interactions  between  them. 

Furthermore,  these  increased  interactions  might  well  increase  the  barrier 

to  tunneling  of  the  methyl  groups  about  the  C-Si  bonds,  thus  restricting 

this  motion  in  favor  of  the  swinging  of  the  methyl  groups.  Both  effects 

would  produce  a broader  line  and  a larger  second  moment . 

The  same  eaplanation  would  apply  to  the  cyclic  trimer.  The 

broadening  is  more  marked  for  this  compound  because  of  the  greater 

temperature  range  between  the  increase  in  the  line  width  and  the  melting 

point.  The  line  shape  and  second  moment  have  been  determined  for  the 

2 

trimer  at  room  temperature.  The  second  moment  is  12.1  gauss  which  is 
considerably  larger  than  the  value  determined  at  77°K.  Ho  attempt  has 
been  made  to  fit  the  line  shape  with  a theoretical  curve  because  the 
computed  derivative  curves  are  too  inaccurate  for  the  large  value  of  &£? 
required  to  be  of  real  significance. 

Ve  have  already  mentioned  that  Feyronel  found  no  evidence  of  a 
transition  in  the  cyclic  trimer  between  77°H  and  room  temperature.  In 
view  of  the  marked  increase  in  line  width  commencing  at  238°K  (-35°C) 


Ait ';«■  •' gramaMMEaPMSPH* 


133 

this  is  somewha*  s -prising.  tt  would  seam  advisable  to  determine  the 

heat  capacity  and  the  volume  temperature  curves  in  this  range. 

I.  Silicone  Babber 

The  line  shape  le  rival- ive  carve  and  the  temperature  dependence 
of  the  line  width  for  the  sample  of  s 1 1 ... - ."Ibbe'  investigated  in  this 
research  are  given  in  Figure  X The  measurement  s were  made  on  a sample 
of  SX  450  silicone  rubber  supplied  by  the  General  1L  company  which 

had  been  cured  for  1 hour  at  300 °F . The  i;n*»  shape  at  ?7°X  le  very  similar 
to  that  obtained  from  the  .-.ycl .•  ■/;  compounds  a--  ‘.he  same  temperature  and  could 
be  fit  very  well  by  assuming  rotation  of  the  methyl  about  the  C-Si  bonds t 
and  using  a broadening  parameter  3 - 2.9  gauss.  The  experimental  second 
moment  is  10.0  gauss'"  wfcich  is  corrected  to  3.8  gauss'*,  a value  consistent 
with  the  assumption  made  above.  The  temperature  dependence  curve  differs 
slightly  from  those  of  the  cyclic  compounds  a*  low  '-empera'ures  in  that 
there  is  no  decrease  m the  line  width  from  ’T'X  *o  lo4uK.  At  l64°X 
(-109°C)  there  is  an  abrupt  drop  in  ’he  line  width  from  5*0  gauss  to  about 
2.5  gauss,  and  the  line  width  then  tapers  off  more  gradually  until  at  210°I 
it  has  a value  which  is  about  the  same  as  4 he  magnetic  field  luhomogeneity. 

It  is  interesting  to  compare  these  results  with  the  line  width  vs. 
temperature  curves  for  natural  rubber  (M  4)  The  latter  curves  are  shown 
in  figure  XI.  There  is  some  v ana’  ion  in  'he  ' omperature  at  which  the 
first  knee  in  the  curve  appears  this  temperature  increasing  as  the  curs 
tims  of  the  sample  : r-  However,  the  sharp  break  in  the  curve  occurs 

at  about  220°X  in  all  oases-  This  is  about.  60°  higher  '.hat/  ’he  break  in 
the  curve  for  silicon*-  r-  tier  and  the  line  width  decreases  much  more 
slowly  than  is  the  case  w*  t-h  silicon*  rubber.  Furthermore  the  line  width 
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in  natural  rub  be - reached  its  rigid  lattice  value  at  temperature*  of  150°V 

and  less,  whereas  we  have  seen  that  the  line  width  in  silicone  rubber  is  still 
narrower  than  the  rig? 4 lattice  value  at 

The  segments  of  the  derivative  curve  which  were  obtained  as  the 
sample  warmed  up  from  7?°K  showed  an  int.  e ■ - ; * ing  and  apparently  real  effect, 
which  is  illustrated  in  Figure  ZI1  (a).  The  sample  wanned  up  about  13°  during 
the  time  required  to  sweep  through  enough  of  the  line  * ' " 'o  record  the 
peaks  of  the  derivative  curve.  The  segments  of  each  curve  were  then  plotted 
as  shown  in  the  figure,  the  amplitude  cf  earn  being  adjusted  to  have  the  same 
peak  height.  It  was  noticed  that  as  the  temperature  increases  the  tail  of 
the  derivative  curve  falls  off  less  sharply  than  it  doss  at  lower  tempera- 
tures. The  figure  shows  only  the  lowest  temperature  curve  and  the  curve 
obtained  just  below  the  break  in  the  temperature  dependence  curve,  but  the 
other  curves  obtained  at  intermediate  temperatures  show  the  same  effect  in 
amounts  which  increase  with  increasing  temperature.  This  indicates  that 
there  is  a slight  increase  in  the  second  moment  of  the  line  as  the  tempera 
bare  increases,  although  the  line  width  is  not  appreciably  affected.  The 
explanation  of  this  effect  would  seem  to  be  that  there  is  soms  rotational 
oscillation  of  the  methyl  groups  which,  if  the  polymer  molecules  are  closely 
packed,  would  increase  the  interactions  between  methyl  groups  on  different 
chains.  The  sudden  decrease  in  the  line  width  would  then  indicate  that  the 
molecules  begin  to  rotate  freely.  If  this  explanation  is  valid,  we  should 
expect  to  observe  a change  m the  volume  of  the  sample,  sufficient  to  permit 
the  methyl  groups  to  rotate  Sternberg  lias  attempted  to  find  such  a volume 

change  by  dilatometri,  ^hods,  but  the  results  have  been  inconclusive.  Vo 
definite  break  was  observed  in  plot  of  volume  vs,  time  aa  the  sample  warmed, 
However,  there  were  indications  that  the  slope  of  the  curve  changes  at  about 
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i68°k  (-1050  C) . Tl'.a  Simultaneous  determination  of  the  temperature  of  the 
•ample  as  a function  of  time  also  showed  a change  in  the  slope  of  the  curve 
at  about  l68°Ke  and  this  was  also  observed  m the  temperature- time  curve 
obtained  during  the  measurement  of  the  temperature  dependence  on  the  line 
width.  Both  the  volume-temperature  t and  % r-e rat-ure- 1 ime  curves  thus  seem 
to  support  the  explanation  given,  the  temperature-time  curve  showing  a more 
noticeable  effect. 

Above  164°K,  the  segments  of  the  derivative  curves  show  that  there 
is  a more  gradual  decrease  in  the  line  widtr.  and  at  the  same  time  the  tails 
of  the  curves  decrease  until  a very  narrow  line,  such  as  is  expected  from 
liquids,  is  observed  at  210°X»  This  is  illustrated  in  Figure  XII  (b).  The 
line  shapes  can  be  explained  qualitatively  on  the  basis  that  they  are  com- 
binations of  two,  curves  a narrow s liquid-like  curve,  and  abroad  curve 
similar  to  that  observed  below  164°X  This  would  indicate  that  the  molecules 
do  not  commence  rotating  simultaneously.  It  is  suggested  that  this  effect 
may  be  due  to  the  fact  that  there  are  polymer  molecules  of  widely  varying 
molecular  weights.  A determination  of  the  temperature  dependence  of  the 
line  widths  of  a series  of  more  homogeneous  fractions  should  offer  a test 
of  this  suggestion. 

ft . Summary  and  Suggestions 

The  result b obtained  in  this  Tesear-rh  indicate  there  is  an 
unusual  degree  of  motion  of  the  protons  in  organosilicon  compounds,  as 
compared  to*  organic  compounds  of  similar  structure.  At  7?°K  this  seems 
to  take  the  form  of  rotation  or  tunneling  of  the  methyl  groups  about  the 
C-Si  bonds . The  oetr  ; orosilanes  and  hexamethyldisiloxane  also  give 
evidence  that  there  is  also  low  frequency  rotation  of  the  molecule  about 


138 


some  other  axis  t-hr  . ..gh  the  center  of  mass,  which  is  probably  due  to  the  near 
spherical  symmetry  of  these  molecules. 

Ve  have  found  it  necessary  to  assume  that  the  methyl  groups  in  the 
compounds  studied  have  the  same  bond  distances  and  angles  that  exist  in 
methane.  It  is  not  possible  to  check  the  rabidity  of  this  assumption  from 
the  experimental  data  at  the  temperatures  obtainable  with  the  present 
apparatus,  because  the  observed  motion  of  the  methyl  grr^p^  nersists  to  the 
lowest  obtainable  temperatures.  However,  it  should  be  possible  to  obtain 
detailed  information  concerning  the  configuration  of  the  methyl  groups  at 
temperatures  sufficiently  low  to  freeze  out  all  motion  in  the  sample,  because 
at  such  temperatures,  the  line  shape  will  be  determined  only  by  the  proton- 
proton  distance.  There  might  also  be  some  possibility  of  obtaining  more 
precise  data  about  both  the  methyl  group  configuration  and  the  motion  of 
the  protons  if  studies  are  made  with  single  crystals  of  the  sample,  And  at 
the  same  time  to  check  the  validity  of  the  assumption  of  a Gaussian  broad- 
ening function.  However,  the  experimental  difficulties  Involved  in 
preparing  single  crystals  of  the  substances  used  in  this  research  might 
well  prove  prohibitive. 

The  cyclic  siloxanes  offer  many  interesting  possibilities  for 
further  study.  The  anomalous  behavior  of  the  temperature  dependence  of 
the  line  widths  should  be  examined  more  closely  in  the  region  where  the 
change  in  width  occurs  This  would  require  the  use  of  a cryostat  so  that 
the  line  width  could  be  examined  at  fixed  temperatures  near  the  transition. 
Relaxation  tins  studies  should  also  prove  valuable  because  of  the  dependence 
of  the  relaxation  time  cn  the  motion  of  the  nuclei,  finally  the  other 
cyclic  siloxanes  might  «eli  be  included  in  any  further  work. 
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7h«  study  of  single  crystals  of  the  cyclic  siloxanes  should  cast 
sons  light  on  the  nature  of  the  change  that  takes  plaice  when  the  line  widths 
increase,  because  of  the  less  complex  nature  of  the  theoretical  line  shapes* 
Preparation  of  the  samples  would  he  difficult,  hut  considerably  simpler  than 
in  the  case  of  the  other  molecules  discussed.  The  cyclic  trimer,  in  particu- 
lar, may  be  prepared  in  the  single  crystal  form  by  sublimation  at  room 
temperature  (P-8). 

The  results  of  this  investigation  of  silicone  rubber  must  be  con- 
sidered in  connection  with  the  two  theories  concerning  the  nature  of  the 
siloxanes  that  have  been  discussed  in  the  Introduction.  The  most  important 
fact  to  be  considered  is  the  existence  of  considerable  motion  in  this  material 
at  temperatures  above  l64°Z  This  motion  cannot  be  restricted  to  a particular 
axis  or  plane,  because  of  the  very  narrow  line  width  obtained  at  higher 
temperatures.  Such  line  widths  imply  considerable  random  motion  such  as 
is  usually  considered  characteristic  of  the  liquid  state.  It  seems  likely 
that  in  the  solid  rubber  there  is  not  only  rotation  of  the  methyl  groups 
about  the  chain  axis  but  also  some  flexing  of  the  chain,  which  would  imply 
some  deformation  of  the  Si-O-Si  angles*  This  ie  quite  similar  to  the  motion 
postulated  by  Both  and  Harder .. 

On  the  other  hand  there  seems  to  be  no  necessity  to  assume  that 
the  coiling  postulated  by  Pauling  and  Zisman  actually  occurs.  At  the  same 
time  the  evidence  does  not  exclude  the  possibility.  Our  conclusions  can 
best  be  summarised  by  saying  that  it  is  quite  possible  that  the  coiling- 
uncoiling  hypothesis  applies  to  the  siloxanes,  but  this  hypothesis  alone 
is  not  sufficient  to  explain  the  narrowing  of  the  line  width  which  has 


been  observed. 


A recent  article  on  the  structure  of  the  polysiloxanes  (7-2) 
contains  the  suggestion  that  the  unusual  properties  of  these  materials 
may  he  explained  by  assuming  that  some  of  the  molecules  of  the  linear 
polysiloxanes  are  actually  not  linear  but  are  composed  of  several  large 
rings  interlocked  with  each  other  like  the  links  of  a chain.  Thus,  such 
a polymer  molecule  which  contains  10,000  -{(OH^JgSiO j~  units  could  actually 
be  a series  of  100  rings,  each  with  100  -£( u”  ' Such  mole- 
cules would  then  act  as  plasticizers  for  the  rest  of  the  polymer.  The 
present  results  do  not  give  any  evidence  either  for  or  against  this 
hypothesis.  However,  it  should  be  noted  that  according  to  Frisch,  Martin, 
and  Mark,  the  rings  involved  in  such  structures  would  have  to  contain  at 
least  twenty  -£(CH^)2Si^  units,  whereas  the  largest  cyclic  siloxane 
isolated  thus  far  is  the  heptamer,  and  only  trace  amounts  of  material 
which  could  be  larger  cyclic  compounds  has  ever  been  found  in  the 
hydrolysis  mixture  used  in  the  preparation  of  silicone  rubber  gum. 

Further  studies  of  silicone  rubber  and  other  silicone  polymers 
could  take  almost  innumerable  forms.  Zn  terms  of  nuclear  resonance  studies 
alone,  there  are  many  possibilities.  The  effect  of  plasticisers,  time  of 
cure,  swelling  by  both  oils  and  organic  solvents,  and  vulcanisation  warrant 
investigation,  as  well  as  studies  of  the  silicone  rubber  gum  in  toto  or 
after  fractionation  into  more  homogeneous  molecular  weight  ranges.  Such 
studies  have  already  been  made  on  both  natural  and  synthetic  rubber  (M~5)» 

.The  investigation  of  the  temperature  dependence  of  the  relaxation 
time  would  seem  to  be  particularly  interesting,  especially  in  the  region 
around  the  break  in  the  line  width  vs.  temperature  curve;  and  more  refined 
measurements  of  the  heat  capacity  and  the  volume  as  a function  of  tempera- 
tures are  warranted. 
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